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SUMMARY
The w ork  d esc rib ed  in th is  th e s is  p re se n ts  an an a ly sis  o f th e  m agnetic  and 
m ic ro s tru c tu ra l  p ro p e rtie s  o f sm all devices fa b r ic a te d  by e lec tro n  beam  
lith o g rap h y . By using th is  type o f specim en p re p a ra tio n  p rocess, th e  shapes 
of th e  devices to  be s tud ied  can be co n tro lled  p recisely . Two d if fe re n t  
ty p es  o f devices w ere exam ined, viz. sm all reg u la rly  shaped m agnetic  
p a r tic le s  and secondly, GaAs quantum  w ires . A lthough th e  p ro je c t w as 
in itia lly  tw o  pronged, th e  am ount o f d a ta  ava ilab le  fro m  th e  ex p e rim en ts  on 
th e  m agnetic  p a r tic le s  sh ifted  th e  balance firm ly  in th e ir  fav o u r. As a 
re s u lt ,  m ost o f th e  ch ap te rs  a re  devoted to  th e  experim en ts on th e  p a r tic le s  
and only c h a p te r  7 is given to  th e  GaAs w ires. The f i r s t  ch a p te r  o f th is  
th e s is  rev iew s th e  basic  concepts o f fe rro m ag n e tism , domain w alls  and th e  
th e o re tic a l , m icrom agnetic  m odels re le v an t to  th e  work. T hroughout th e  
th e s is , tech n iq u es availab le  using e lec tro n  m icroscopy a re  used to  exam ine 
th e  p ro p e r tie s  o f the  sm all devices. C hap ter 2 d esc ribes th e  basic  im age 
f  o rm atio n  techn iques in th e  conventional tran sm iss io n  e lec tro n  m icroscope, 
(CTEM), and  a lso  th e  techn iques used to  rev ea l th e  m agnetic s t ru c tu re  o f th e  
p a r tic le s  to  be studied .
To exam ine th e  m agnetic s t ru c tu re  and behaviour of th e  sm all m agnetic  
p a r tic le s , vario u s  experim ents w ere  p erfo rm ed  using a  specia lly  designed 
m ag n etisin g  s ta g e  which allow ed in -s i tu  ex p erim en ts to  be conducted. This 
s ta g e  is a lso  described  in c h a p te r 2 as  a re  some th e o re tic a l p red ic tio n s 
re g a rd in g  sing le dom ain p a rtic le s .
C hap ter 3 desc rib es th e  specim en fa b r ic a tio n  technique, and some basic  
c h a ra c te r is a tio n  of th e  physical and m agnetic  p ro p e rtie s  of th e  p a r tic le s  and 
f ilm s a re  given in th is  ch ap te r. The m ain body of experim en tal re s u lts  on
th e  sm all m agnetic  Ni Fe p a r tic le s  a re  given in ch a p te rs  4 and 5.
82*5 17.5
D iffe re n t s izes  of p a r tic le s  a re  d iscussed  in each  ch ap te r, and a  d if fe re n t  
im aging mode is used. In th e  l a t t e r  ch ap te r, h y s te re s is  loops fro m  iso la ted  
p a r tic le s  a re  given fo r  a ran g e  o f d if fe re n t  p a r tic le s .
The p rev ious tw o ch ap te rs  d esc rib ed  th e  re s u lts  on Ni Fe p a r tic le s .
^  82.5  17.5 K
The com position of th is  alloy re s u lts  in th e  dom ain s t ru c tu re  o f th e  
p a r tic le s  being influenced g re a tly  by th e  shape o f th e  p a rtic le . To study  
th e  in fluence o f a  d if fe re n t com position o f m a te r ia l on the  dom ain s tru c tu re  
and  m agnetic  behaviour of th e  p a r tic le s , th e  p a r tic le s  w ere a lso  fa b r ic a te d  
fro m  co b a lt. E xperim ents w ere conducted on co b a lt p a r tic le s  and th e  re s u lts  
a r e  given in c h a p te r  6.
C h ap ter 7 d esc rib es  th e  re s u lts  ob ta ined  f  rom  an exam ination  o f th e  
m ic ro s tru c tu ra l  p ro p e rtie s  of Si doped GaAs quantum  w ires  aga in  fa b r ic a te d  
using  e lec tro n  beam  lithography . The w ire s  w ere  m ade using tw o  slig h tly  
d if fe re n t  p ro cesses , and th e  r e s u lta n t  dam age to  th e  w ires is d esc rib ed  in 
th is  c h a p te r.
F ina lly  c h a p te r  8 d raw s some conclusions fro m  th e  w ork, and also  gives some 
su g g estio n s  fo r  th e  con tinuation  o f th e  w ork.
CHAPTER 1
FERROMAGNETISM, DOMAIN WALLS AND MICROMAGNETICS
1.1 FERROMAGNETISM
F or m any y e a rs  i t  has been observed th a t  even in th e  absence o f an  applied
fie ld , a  c e r ta in  c la ss  of m a te r ia ls , f  e rro m ag n e ts , exh ib ited  a  n o n -zero
m agnetic  m om ent over a sp ec if ic  te m p e ra tu re  range. T hat th is  value w as
n o n -ze ro  im plied th a t  th e re  w as an  a lignm ent o f th e  m om ents w ith in  th e
m a te r ia l. I t  had  also  been observed th a t  th e  n e t m om ent d ecreased  to  ze ro  a t
a  w ell defined  te m p e ra tu re , ca lled  th e  C urie tem p e ra tu re , T . The f i r s t
a tte m p t to  exp lain  th is  phenomenon w as proposed by Weiss (1907). He
su g g ested  th a t  th e  alignm ent of th e  m om ents w as due to  an " in te rn a l m olecu lar
fie ld" . In th e  ran g e  of te m p e ra tu re s  below T , th e  fie ld  is s tro n g  enough to
overcom e th e  th e rm a l random ising  e f fe c ts . For a  typ ical fe rro m ag n e tic
9 -1m a te r ia l  a t  room  tem p e ra tu re , th e  f ie ld  m ust be of th e  o rd e r o f 10 kA.m . 
W eiss proposed  th a t  th e  in te rn a l fie ld  w as indeed th is  s trong , and th a t  i t  
w as p ro p o rtio n a l to  | M | . ( M is th e  m agnetic  moment per u n it volume,
w hose u n its  in S. I. a re  in A.m-1.)
A le ss  phenom enological approach  to  th e  concept of fe rro m ag n e tism  w as 
developed by H eisenberg  (1928). In th is  he explained  th a t  the  o rig in  o f th e  
in te ra c tio n  lead ing  to  th e  p a ra lle l alignm ent o f th e  m om ents w as quantum  
m echanical in n a tu re .
T here  can  be tw o co n trib u tio n s to  th e  m agnetic  m om ent of an atom . The f i r s t  
com es f  rom  th e  o rb ita l m otion o f th e  e lec tro n  as  i t  c irc les  round  th e  
nucleus. The second p a r t  is due to  th e  in tr in s ic  m otion of th e  e lec tro n  
i ts e lf .  The spinning e lec tro n  ex p erien ces a  m agnetic  fie ld  which a r is e s  fro m  
th e  nucleus. This f ie ld  has th e  e f fe c t  o f coupling th e  tw o an g u la r m otions 
and is r e fe r r e d  to  as  sp in -o rb it coupling. In th e  case o f e.g. Ni, Fe and 
Co, th e  in tr in s ic  spin of th e  o u te rm o st and unpaired  3d e lec tro n  gives r is e
1
to  th e  a tom ic  mom ent. In th ese  m e ta ls  th e  o rb ita l  m om ent has been quenched 
and hence th e  m om ent is due a lm ost e n tire ly  to  th e  sp in  of the  e lec tro n . F or 
th e  r a r e  e a r th  m eta ls , incom plete in n er she lls  can also  co n trib u te  to  th e  
m om ent th ro u g h  th e ir  o rb ita l m otion (N esb itt (1973)).
The p resen ce  o f a  p a r tic u la r  d is tr ib u tio n  o f th e  d irec tio n s o f m agnetic  
m om ents w ith in  a  sam ple is due to  th e  (local) m inim isation o f th e  to ta l  
energy  o f th e  system . T here a re  various co n trib u tio n s  to  th is , and th ese  a re  
given in sec tio n  1.2. Section 1.3 exam ines th e  dom ain w alls commonly found 
in bulk and th in  film s. L astly  sec tio n  1.4 p re sen ts  some o f th e  
m icrom agnetic  th e o rie s  re lev an t to  th e  stu d y  u n d ertak en  here.
1.2 CONTRIBUTIONS TO THE TOTAL ENERGY OF A FERROMAGNETIC SYSTEM
1.2.1 EXCHANGE ENERGY
A ccording to  th e  P auli exclusion  p rinc ip le , th e  p roduc t of th e  spin  and 
s p a tia l  w avefunctions m ust be an ti-sy m m etric . Hence as th e  e le c tro s ta t ic  
p o te n tia l a sso c ia te d  w ith  tw o atom s is dependent on th e ir  sep a ra tio n  (i.e . on 
th e  overlap  o f th e ir  sp a tia l w avef unctions) i t  is also  re la te d  to  th e ir  
sp ins.
The exchange energy, U, betw een tw o a tom s having sp ins _S  ^ and _S ,^ se p a ra te d  
by a  d is tan ce  r  , is given by th e  expression ;
U = -2  J (r  ) S . S (1.1)
ex ij — i — j
w here J (r  ) is th e  exchange in teg ra l. In a ll b u t r a r e  e a r th  m eta ls  th e
ex ij
exchange in te g ra l fa lls  o ff  as  th e  d is tan ce  betw een th e  atom s in creases . 
Hence w hen considering  a  co llec tion  o f m om ents, only n e a re s t neighbour 
in te ra c tio n s  need be considered. I t  is obvious fro m  eqn. (1.1) th a t  fo r  a  
positive  value o f th e  exchange in teg ra l, as  is th e  case fo r  a  fe rro m ag n e tic  
specim en, U is m inim ised fo r  a  p a ra lle l alignm ent o f _S. and _Sj.
2
1.2.2 MAGNETOSTATIC ENERGY
The m a g n e to s ta tic  energy in a  f  e rro m ag n e tic  system  a r is e s  f  rom  th e  
in te ra c tio n  o f th e  m agnetisa tion , _M_, w ith  a  m agnetic  fie ld . The to ta l  
f ie ld  _H_ cam a r is e  fro m  an e x te rn a l so u rce  H o r  fro m  fre e  m agnetic  dipoles 
o r ch a rg e . T here  a re  tw o possib le  so u rces o f m agnetic  charge, s u rfa c e  and 
volume ch arg e . These sou rces give r is e  to  a  m agnetic  fie ld  _Hd( JR _), th e  
fo rm  o f w hich is  given by;
w here  th e  m ag n e tisa tio n  w ith in  a  sam ple is given by _M_ and th e  in te g ra tio n
is p e rfo rm ed  over a  body o f volume x and su rfa c e  a re a  S. JR. is th e  p o sition
v ec to r fro m  th e  source  to  th e  fie ld  po in t, and _n is th e  u n it v ec to r norm al
to  th e  su rfa c e . This fie ld  H ,  ex ten d s bo th  inside and outside th e  body.—-d
Inside th e  body how ever i t  opposes th e  d irec tio n  of m agnetisa tion  and is 
th e re fo re  r e f e r r e d  to  as  a  dem agnetising  fie ld . The m ag n e to sta tic  energy, 
E , is  given by th e  expression;
Hd <R )= (1 /4n >
f -V . M
dT + (V 4it) ^ = -  dS (1.2)






- 7  -1jio is  th e  p erm eab ility  of f r e e  space and is  equal to  4tt.10 H.m .
In th e  case  o f an  ex te rn a lly  applied  f ie ld  th e  exp ression  m ust be m odified, 





In som e m a te r ia ls , th e  angle along w hich th e  m ag n etisa tio n  v ec to r w ill 
p re fe re n tia lly  lie  is dependent in th e  c ry s ta l  s tru c tu re . These p re fe r re d  
d irec tio n s  a re  ca lled  m agnetic easy  d irec tio n s  o r axes. The an iso tro p y  te rm  
d esc rib es  th e  en e rg e tic  f  avour ab ility  o f sp ec if ic  o rien ta tio n s  o f th e  
m ag n e tisa tio n  w ith  re sp ec t to  th e  c ry s ta l  ax es. In th e  case o f a  cubic 
c ry s ta l, th e  ex p ressio n  fo r  th e  an iso tropy  energy, E^, is  given by;
w here  a , /3, and y, Eire th e  d irec tio n a l cosines o f th e  m agnetisa tion  w ith  
re s p e c t to  th e  c ry s ta l  axes. In eqn. (1.5), i t  is  assum ed th a t  th e  c ry s ta l  
and co o rd in a te  ax es  a re  co-inc iden t. and a re  th e  an iso tropy  co n s tan ts
o f th e  m a te r ia l.
A fo u r th  energy  te rm , th e  m ag n e to s tric tiv e  energy  may also  be p resen t. This 
a r is e s  w hen a  change in th e  m ag n etisa tio n  of a  sam ple is caused by s t r e s s  o r 
s t r a in  w hich give r is e  to  an  e la s tic  tension . As a  consequence of th e  
m a te r ia ls  used in th is  study, (see C hap ter 3), th is  te rm  is o f neglig ible 
im portance . The th re e  m ain te rm s  a re  th o se  in sec tio n s 1.2.1 to  1.2.3.
1.2.4 EFFECT OF THE ENERGY TERMS ON THE DISTRIBUTION OF MOMENTS
L et us now exam ine th e  influence o f th e  above energy  te rm s  on th e  p o ten tia l 
d is tr ib u tio n  o f m om ents w ith in  a  body. If  we consider a  uniform ly m agnetised  
body, e .g . fig . 1.1(a), i ts  exchange energy is m inim ised. However th e re  is a 
la rg e  am ount of m ag n e to s ta tic  energy due to  th e  su rfa c e  charge on fa c e s  A and
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Fig. 1.1 (a) A uniformly magnetised particle.
(b) A particle with two oppositely magnetised domains.
(c) A particle with a solenoidal domain structure.
B. In o rd e r  to  d ec rea se  th is  te rm , th e  body m ay sub-d iv ide in to  tw o reg ions, 
ca lled  dom ains, as  shown in fig . 1.1(b). Domains a re  reg ions in w hich th e  
m ag n e tisa tio n  is  co n s tan t in both  m agnitude and d irec tion , and they  a re  
s e p a ra te d  by a  t ra n s it io n  reg ion  ca lled  a  dom ain w all in which th e  
m ag n e tisa tio n  ro ta te s  fro m  one d irec tio n  to  th e  o th er. Domain w alls  a re  
d ea lt w ith  m ore fu lly  in sec tion  1.3. The p resen ce  of a  dom ain w all w ill 
in c rease  th e  exchange and an iso tropy  energy , b u t d ec rease  th e  m ag n e to s ta tic  
energy. A th ird  possib le  dom ain s t ru c tu re  is th a t  of fig . 1.1(c). In 
s t ru c tu re s  o f th is  type, called  solenoidal d is tr ib u tio n s , no su rfa c e  o r 
volume ch a rg e  is  p re sen t, although th e  to ta l  leng th  o f dom ain w all has 
increased . W hether a  p a r tic le  w ill adop t f ig . 1.1(a), (b), (c), o r  indeed
some o th e r  d is tr ib u tio n  w ill be determ ined  by a  (local) m inim isation o f th e  
to ta l  energy , th e  co n trib u tio n s  to  w hich w ere  given above.
The ro ta t io n  o f m om ents in a  dom ain w all p roduces an  energy density  p e r u n it
a re a . The co n trib u tio n s  to  th is  te rm  a r is e  fro m  th e  exchange and an iso tro p y
energ ies. I t  is  som etim es convenient to  ex p re ss  th e  energy co n trib u tio n s  due
to  th e  p resen ce  o f a  dom ain w all in th e  fo rm  o f a  "domain w all energy", <r 
_2
(J.m  ), T his q u an tity , o\ is re la te d  to  th e  angle th rough  w hich th e  
m ag n e tisa tio n  v ec to r ro ta te s  as  i t  c ro sse s  th e  w all, and also  to  th e  
th ick n ess  and  m a te r ia l com prising th e  sam ple.
1.3 DOMAIN WALLS
A dom ain w a ll is  a  reg io n  which s e p a ra te s  a d ja c e n t dom ains. In th is  reg ion  
th e  m ag n e tisa tio n  v ec to r ro ta te s  fro m  one d irec tio n  to  ano ther. The ex a c t 
fo rm  th a t  th e  dom ain w all cam adopt is a  com plex problem  re la tin g  th e  
exchange, an iso tro p y  and m ag n e to s ta tic  energ ies. T here a re  fo u r  ty p es of 
w all commonly m et, and  th ese  w ill be desc ribed  in sec tio n s 1.3.1 to  1.3.4.
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1.3.1 BLOCH WALLS
The f i r s t  model w hich a ttem p ted  to  exp la in  th e  s t ru c tu re  o f domain w alls w as 
proposed  by Bloch (1932). In th is  model, th e  angle of th e  m agnetisa tion  
v ec to r w ith in  th e  w all is dependent only on a  c o -o rd in a te  norm al to  th e  plane 
of th e  w all i ts e lf ,  fig . 1.2. The m ag n e tisa tio n  ro ta te s  about th e  x ax is  and 
th e  s t ru c tu re  is such th a t  the  w all is d ivergence f re e , i.e . V. _M_= 0. It 
can  be seen th a t  th is  type  of model is only one dim ensional in n a tu re . 
C on tribu tions to  th e  to ta l  energy come only fro m  exchange and an iso tro p y  
te rm s . I t  is assum ed th a t  fo r  bulk specim ens, th e  m ag n e to s ta tic  energy  fro m  
th e  su r fa c e  ch a rg e  a t  th e  top  and bo ttom  fa c e s  can  be neglected . (Although 
th is  is  t ru e  fo r  bulk specim ens, i t  is no t in  th e  case  of th in  film s. T his 
po in t w ill be d iscussed  fu r th e r  in sec tion  1.3.2 ).
1.3.2 NEEL WALLS
It w as p o in ted  ou t by Neel (1955) th a t  th e  m ag n e to s ta tic  energy from  th e  
opposite  s u r f  aces  o f a  Bloch w all could no t be neg lec ted  in th e  case of th in  
film s. He th e re fo re  proposed th a t  a  d if fe re n t  type  o f w all should be p re sen t 
in s u ff ic ie n tly  th in  sam ples. In th is  type  o f w all, th e  m agnetisa tion  
ro ta te s  abou t an  ax is  perp en d icu lar to  th e  plane o f th e  film , as shown in 
fig . 1.3. A lthough th is  type of w all avoided su rfa c e  charge, i t  is c lea rly  
not d ivergence f re e .
C onsiderable w ork w as d irec ted  to w ard s  p red ic tin g  the  tru e  s tru c tu re  and 
energy o f Neel w alls, (C ollette (1964), R iedel and Seger (1971), K irchner and 
Doring (1968)), m ainly due to  th e  discovery  by F eldkeller (1963) th a t  they  
w ere  m uch b ro ad e r th an  o rig inally  p red ic ted  by N eel’s model. In itia l one 
dim ensional m odels w ere  superceded by a  tw o dim ensional approach although it  
is g en e ra lly  accep ted  th a t  th is  type o f w all can  be adequately  re p resen te d  
ap p ro x im ate ly  by a one-dim ensional function . From  th e  models i t  becam e 
a p p a ren t th a t  Neel w alls w ere in f a c t  com posed o f th re e  d is tin c t reg ions; a
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Fig. 1.2 Schematic representation of a Bloch wall. 
(The rotation axis is the x-axis.)
© O
Fig. 1.3 Schematic representation of a Neel wall. (The rotation 
axis is in the z-axis.)
c e n tra l  co re  in  w hich th e  bulk of th e  ro ta tio n  ta k e s  p lace, and tw o  long 
"ta ils"  in w hich th e  m agnetisa tion  v ec to r g rad u a lly  ro ta te s  over a  la rg e  
d is tan ce . The w id th  o f th e  re s u lta n t  dom ain w all is dependent, among o th e r 
fa c to rs ,  on th e  th ick n ess  o f th e  sam ple.
The e sse n tia l d iffe re n c e  in th e  tw o types o f w all p re sen ted  above lies  in th e  
ax is  abou t w hich th e  m ag n etisa tio n  vec to r ro ta te s .
1.3.3 TWO DIMENSIONAL VORTEX WALLS
Bloch’s in itia l  m odel, as m entioned, had a  one dim ensional c h a ra c te r . The 
t ru e  n a tu re  o f w a lls  in th in  film s o f f in ite  th ick n esses  w as only rev ealed  
when tw o  dim ensional m odels fo r  m agnetically  s o f t  m a te r ia ls  w ere proposed by 
LaBonte (1969). In th is  paper th e  e sse n tia l d iffe ren c e  over th e  
one-d im ensional m odels w as th a t  th e  m ag n e tisa tio n  v ec to r w as also  allow ed to  
vary  th ro u g h o u t th e  th ickness of th e  film . Using such tw o dim ensional 
m odels, th e se  "2 dim ensional v o rtex  w alls" w ere  found to  have th e  expected  
ro ta t io n  o f m om ents a t  th e  core, bu t a t  th e  to p  and bottom  su rfa ce s , th e  
m ag n e tisa tio n  lay  in th e  plane of th e  film . This is  shown schem atically  in 
fig . 1.4. These l a t te r  fe a tu re s  of th e  w all a re  o ften  called  th e  Neel
com ponents o f th e  Bloch w all, and i t  should be noted  th a t  they  have d if fe re n t 
p o la r ity  a t  opposite  su rfa ce s . The energy of LaB onte’s w all w as abou t h a lf  
th a t  o f a  one dim ensional model. T here have been many o th er a tte m p ts  to  
p re d ic t th e  s t ru c tu re  and energy of 2-D v o rtex  w alls. Although th ese  a re  too 
num erous to  m ention, one, th a t  of H ubert (1969) deserves p a r tic u la r  note. In 
th is  p ap e r he p re sen ted  a  model of a  w all in w hich various p a ram e te rs  w ere 
allow ed to  vary  in  o rd e r to  keep th e  w all s t r a y - f ie ld - f r e e .  The energy  of 
th e  w all, co n trib u tio n s  to  w hich a ro se  only fro m  th e  exchange and an iso tropy  
te rm s , w as th en  m inim ised. The m ag n e to s ta tic  te rm  a r is in g  from  th e  s tra y
fie ld  w as ze ro  due to  th e  in itia l assum ption  th a t  th e  w all w as
s tr a y - f ie ld - f r e e .  The d irec tio n s  of M w hich he p red ic ted  w ere alm ost
id en tica l to  th o se  o f LaBonte (1969), ind icating  th a t  th e  s tra y  f ie ld  f re e
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Fig. 1.4 Vortex structure of 180° two dimensional domain wall 
following Jakubovics (1974). The direction of magnetisation 
in the domains is along ±z.
The curved line denotes v=Q,  w here y is th e  d irec tio n  cosine 
betw een th e  z -a x is  and th e  x -y  plane.
model w as an  a c c u ra te  approx im ation . The s u rfa c e  energy  den sitie s  th a t  he 
ca lcu la ted  w ere  considerab ly  low er th an  p revious e s tim a te s , especially  in  th e  
th ick n ess ra n g e  above 60nm.
1.3.4 CROSS-TIE WALLS
In ad d itio n  to  th e  tw o  types of w all d esc ribed  above, a  th ird  is a lso  
possib le . T his is  ca lled  a  c ro s s - t ie  w all and is, in  essence, a  com bination 
of th e  Neel and  Bloch type  w alls. I t  w as f i r s t  observed experim en tally  by 
Huber (1958). A schem atic  d iag ram  of a  leng th  o f th is  type o f w all is  shown 
in fig . 1.5. It can be seen th a t  th e  m ain sec tio n  o f th e  w all is co n s tru c ted  
fro m  Bloch lines of a l te rn a tin g  p o la rity . The Bloch lines a re  se p a ra te d  by 
Neel w a lls , aga in  of a lte rn a tin g  p o la rity . The m ag n etisa tio n  around each 
Bloch line can  be convergent o r c irc u la rly  ro ta tin g . In th e  case of th e  
convergen t m ag n etisa tio n , th e re  e x is ts  a  low er angle dom ain w all, 
pe rp en d icu la r to  th e  m ain w all section , w hich is  known as  a  c ro s s - tie . Once 
aga in  m any au th o rs  have a ttem p ted  to  model th e se  w alls. However due to  th e  
com plex n a tu re  o f th e  m agnetisa tion  d is tr ib u tio n , th is  has proved no easy 
ta sk . The m odel proposed by Kosinski (1977) is  found  to  ag ree  m ost closely 
w ith  ex p e rim en ta l observations.
1.3.5 DISCUSSION
Sections 1.3.1 to  1.3.4 ou tlined th e  fo u r  d if fe re n t  types of domain w all 
which a re  m et. Why a  p a r tic u la r  sam ple should adop t one type of dom ain w all 
and no t an o th e r is a  com plex problem  in w hich th e  an iso tropy , exchange and 
m ag n e to s ta tic  energ ies a ll play im p o rtan t ro les . In o rd e r to  p red ic t w hich 
type o f w a ll should be p re sen t a t  a  p a r tic u la r  th ickness, various au th o rs  ( 
e.g. Middelhoek (1963)) have ca lcu la ted  th e  energ ies o f th e  various types of 
w all a t  d if fe r in g  th icknesses. From  ex p erim en ta l observations w hich have 
been re p o rte d  fo r  Ni Fe , i t  is found th a t  in th e  case  o f 180° w alls;
^  82 .5  17.5
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Fig. 1.5 Schematic diagram of a length of cross-tie wall.
Fig. 1.6 Example of a particle in a Landau-Lifshitz domain 
structure.
i) 2-D  v o rte x  w a lls  occur a t  th ick n esses in ex cess  o f 60nm.
ii) C ro ss - tie  w a lls  occur in th e  ran g e  20nm  to  60nm. 
Neel w a lls  occur in  sam ples th in n e r th a n  20nm.iii)
1.4 MICROMAGNETICS
The ex is ten ce  o f dom ains w as proved ex p e rim en ta lly  by B itte r  (1931). The 
f i r s t  th e o re tic a l  a tte m p t to  model such d is tr ib u tio n s  w as m ade by Landau and 
L ifsch itz  (1935). They considered  a  body in a  dem agnetised  s ta te ,  w ith  a 
so lenoidal dom ain s tru c tu re . The ac tu a l dom ain s t ru c tu re  w as determ ined  by 
m inim ising th e  to ta l  leng th  of domain w all su b je c t to  th e  conditions imposed 
by th e  an iso tro p y . The re su ltin g  dom ain s t ru c tu re  w as a  flu x -c lo su re , o r 
solenoidal type, such as fig . 1.6.
The energy  m in im isation  technique of Landau and L ifsch itz  w as superceded  by a  
s e lf -c o n s is te n t m icrom agnetic  approach  w hich w as fo rm a lised  by Brown (1962). 
This new th eo ry  w as th en  ex tended  in th e  case  o f ideally  so f t  m agnetic 
m a te r ia ls  by Van den B erg (1984). Both m icrom agnetic  approaches w ill be 
exam ined b rie f ly , a lthough  th e  la t te r ,  being o f m ore re levance, w ill receive 
m ore em phasis.
1.4.1 MICROMAGNETIC THEORY (BROWN 1962)
The th e o re tic a l fram ew o rk  w hich could p re d ic t dom ain s tru c tu re s  of p a r tic le s  
w as d e ta iled  by Brown (1962). His th eo ry  exam ined th e  equilibrium  
d is tr ib u tio n  o f m om ents w ith in  a body and th e  s ta b ility  of such a  
d is trib u tio n . The d is tr ib u tio n  of m om ents w ith in  an  equilibrium  s tru c tu re  
s a t is f ie s  th e  condition  th a t  th e  to rq u e  on each m om ent is zero . The model 
n ecessa rily  includes th e  energy te rm s  d e ta iled  in sec tio n  1.2. The s ta b ility  
of a  p a r tic u la r  dom ain s t ru c tu re  is exam ined by applying a  sm all p e rtu rb in g  
fo rc e  to  th e  d is tr ib u tio n  of mom ents. The th eo ry  may be s ta te d  
m athem atica lly  in th e  tw o equations, given below;
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fo r  a  body of volume V, and su rfa ce  a re a  S. _H is  th e  to ta l  M axwell fie ld , 
efc is th e  an iso tro p y  energy  density , _M h as been rep laced  by M _v_, w here _v_ 
is a  u n it v ec to r in  th e  d irec tio n  of M and K is  th e  s u r f  ace an iso tropy
— s s
co n stan t. F rom  eqns. 1.7 i t  should be possib le  to  ca lcu la te  th e  equilibrium  
dom ain s t ru c tu re  o f any body. U nfo rtunate ly , due to  th e  n o n -lin ea rity  of th e  
equations, i t  becom es a  very la rg e  and com plex problem  in a ll b u t th e  
sim p lest g eo m etrie s  o f very  sm all p a r tic le s , o r when one of th e  dim ensions is 
m ade in fin ite .
1.4.2 MICROMAGNETIC THEORY (Van den B erg 1984)
Brow n’s th eo ry  w as ex tended  by Van den Berg fo r  th e  case  of ideally  so f t  
m agnetic m a te r ia ls . In such m a te r ia ls , i t  is possib le  to  neglect th e  
an iso tro p y  te rm , and so th e  re su ltin g  dom ain s t ru c tu re  is determ ined  by th e  
exchange and m ag n e to s ta tic  energies. Because of local sa tu ra tio n  he 
concludes th a t  th e  exchange energy is a  second o rd e r e f fe c t, and as such can 
be ignored. From  th is  assum ption  he th en  p roposes a  th e o re tic a l fram ew ork  
from  w hich th e  m ag n e tisa tio n  d is trib u tio n s  of a  body may be determ ined. The 
governing eq ua tions a re  given below;
M x H = 0 in V (1.8a)
M x  n = 0 on S (1.8b)
M . M = Mz (1.8c)
s
From  w hich i t  can be shown;
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H = c(x ,y ,z ) M in V (1.9)
Van den B erg a lso  show ed th a t  fo r  s tab le  dom ain s tru c tu re s  c (x ,y ,z) > 0. 
This im plies th a t  fo r  s tab le , bu t no t n ecessa rily  solenoidal domain 
s tru c tu re s ,  _H_ is e i th e r  p a ra lle l to  _M_ o r equal to  zero . The 
ap p licab ility  o f th is  condition  in the  case  o f s ta b le  non-so lenoidal dom ain 
s tru c tu re s  is  d iscussed  in g re a te r  d e ta il in C hap ter 8. Using eqns. 1.8 and 
1.9, he proposed  th a t  fo r  solenoidal d is trib u tio n s;
_M_ . _n_ = 0 (1.10a)
V . = 0  (1.10b)
The eq ua tions 1.9 and 1.10, w ere then  used a s  th e  s ta r t in g  po in t fro m  which, 
th ro u g h  th e  use o f d if fe re n tia l  geom etry, he derived  sin a lg o rith m  which could 
p re d ic t th e  (solenoidal) dom ain s tru c tu re  o f a  2 dim ensional body. The 
a lg o rith m  is  d esc rib ed  below , and is il lu s tra te d  in  fig . 1.7;
i) A c i r c l e  con tained  en tire ly  w ith in  a  p a r tic le , touch ing  i ts  sides a t  tw o
or m ore p laces, has i ts  cen tre  located  a t  th e  p o sition  of a  dom ain w all.
ii) T h e  locus o f a ll c e n tre s , sa tis fy in g  i) lo ca te  th e  positions of th e
dom ain w alls.
iii)The d irec tio n  o f m ag n etisa tio n  is easily  found by sa tis fy in g  th e  tw o 
conditions;
a) _M_ . j i_  = 0
b) The norm al component of th e  m agnetisa tion  vec to r 
a c ro ss  a  domain w all m ust be continuous.
According to  th is  th eo ry , is is also possib le to  c re a te  d if fe re n t solenoidal 
dom ain s t ru c tu re s  by subdividing th e  body and th en  applying th e  algo rithm  to  
each p a r t  individually . An exam ple of th e  dom ain s t ru c tu re  when a  body is 
subdivided (along th e  broken line) is shown in fig . 1.8. As th e  num ber of 
subdivisions in creases , th e  to ta l  length  of dom ain w all also  increases. It
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Fig. 1.7 Example of applying the Van den Berg algorithm to a two 
dimensional particle.
Fig. 1.8 Example of applying the Van den Berg algorithm to two 
sections of a particle.
Fig. 1.9 Schematic diagram showing (1), free (2), edge and (3), 
corner clusters.
should be no ted  th a t  th e re  is  no lim it im posed on th e  num ber o f subdivisions, 
and so th e re  a re  an  in f in ite  num ber o f dom ain s t ru c tu re s  possible. No 
account o f th e  dom ain w all energy is included and hence th e re  is no way of 
p red ic tin g  any en e rg e tic  p re fe ren ce  fo r  one p a r tic u la r  dom ain s tru c tu re  over 
ano ther.
1.4.3 CORNER AND EDGE CLUSTERS
A nother concept in tro d u ced  by Van den Berg w as th a t  o f edge, f r e e  and co rn er 
c lu s te rs . Again th e  re s u lts  w ill be quoted w ith o u t p roo f. Exam ples of 
f re e , edge and co rn e r c lu s te rs  a re  shown in fig . 1.9. As can  be seen, a  
c lu s te r  is  a  p o in t a t  w hich £ 1 domain w alls  in te rs e c t  w ith  e ith e r  an o th er 
w all o r w ith  an  edge o r co rn er of a p a r tic le . Where th e  in te rsec tio n  occurs 
de term ines th e  ty p e  o f c lu s te r . Edge and co rn e r c lu s te rs  w ill be described  
in sec tio n s  1.4.3. F ree  c lu s te r  a re  not considered  here . A fu ll th e o re tic a l 
tre a tm e n t o f a ll th re e  ty p es of c lu s te rs  is given in Van den B erg’s Ph.D 
th e s is  (1984). However th e re  a re  spec ific  re la tio n sh ip s  w hich govern th e  
behaviour o f c lu s te rs , and th ese  w ill be s ta te d  below.
1.4.3.1 CORNER CLUSTERS
These can be subdivided in to  tw o groups, shown schem atically  in fig . 1.10. 
The d iffe ren c e  betw een  th e se  tw o s tru c tu re s  is  in th e  d irec tio n s  of _M_ in 
th e  dom ains bounding th e  edge of th e  p a r tic le . I t  can be shown fo rm ally  
th a t;
i) C lu s te rs  o f type in fig . 1.10(a), (w here th e  m ag n etisa tio n  v ec to rs  in th e  
dom ains bounding th e  edge of th e  p a r tic le  bo th  po in t to w ard s  th e  c lu s te r) 
m ust have an  even num ber of w alls o rig in a tin g  fro m  th e  co rn er c lu s te r.
ii) C lu s te rs  o f th e  type  in fig . 1.10(b), m ust have an  odd num ber of domain
w alls  o rig in a tin g  fro m  th e  c lu ste r.
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(a) (b)
1.10 Schematic diagram showing two different types of corner 
clusters.
(a) (b)
Fig. 1.11 Diagram showing two types of edge clusters.
1.4.3.2 EDGE CLUSTERS
Again th ese  can  be divided in to  tw o groups, shown in fig . 1.11. In fig .
1.11(a), th e  tw o dom ains bounding th e  edge o f th e  p a r tic le  a re  an tip a ra lle l 
and so th e  num ber o f dom ain w alls  o rig ina ting  fro m  th e  edge c lu s te r  m ust be 
an  even num ber. In fig . 1.11(b), the  o u term o st dom ains a re  p a ra lle l, and in 
th is  case  an  odd num ber o f dom ain w alls m ust o rig in a te  fro m  th e  edge c lu s te r. 
The position  o f each  dom ain w all w ith  re sp e c t to  th e  p a r tic le  edge is
uniquely determ ined  by th e  angle of m ag n etisa tio n  in  dom ains a d jac en t to  each 
o th e r in  th e  c lu s te r . Hence knowledge of th e  po sitio n s of th e  w alls leads to  
th e  d irec tio n s  o f jM_ in each  domain. (There is  a  180° am biguity  in th e
p red ic ted  d irec tio n  o f M .) The im portance o f edge c lu s te rs  is noted, and
th e ir  re levance to  th e  p re se n t study  w ill become m ore a p p a ren t in C hap ters 4, 
5 and 6 w hen ex p e rim en ta l re s u lts  w ill be p resen ted .
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CHAPTER 2
IMAGE FORMATION IN A CONVENTIONAL TRANSMISSION ELECTRON MICROSCOPE 
(CTEM), THE MAGNETISING STAGE AND SINGLE DOMAIN PARTICLES
2.1 INTRODUCTION
In a ttem p tin g  to  u n d e rs ta n d  th e  p ro p e rtie s  of m agnetic  m a te r ia ls , i t  is very 
im p o rtan t to  be ab le  to  e x t r a c t  in fo rm atio n  on th e  m agnetic  dom ain s tru c tu re  
of a  sam ple. In th is  sec tio n , techniques w hich can do th is  w ill be discussed 
along w ith  a  b r ie f  no te  on some of the  advan tages and lim ita tio n s  of each.
The f i r s t  ex p e rim en ta l evidence fo r  th e  ex is ten ce  o f m agnetic dom ains w as 
given by B itte r  (1931). The technique involves th e  collo idal suspension of 
sm all ac ic u la r  m agnetic  p a r tic le s  which tend  to  accum ulate  a t  reg ions of the  
sam ple w here su rfa c e  m agnetic  charge is p re sen t. The "B itter" technique 
rev ea ls  th e  p ositions o f dom ain w alls -  a lthough no in fo rm atio n  is given on 
th e  d irec tio n s  o f m ag n e tisa tio n  w ith in  each dom ain. The re so lu tio n  of th e  
technique is u sually  lim ited  by th e  w avelength  o f th e  ligh t illum ination 
source, although  i t  can be p erfo rm ed  in a  scanning  e lec tro n  m icroscope, SEM, 
(Goto e t  a l (1977)). In th is  case, th e  collo idal p a t te rn  has been d ried , and 
only s ta t ic  dom ain s t ru c tu re s  can be examined.
Two techn iques w hich can  provide q u an tita tiv e  in fo rm atio n  on th e  d irec tions 
of _M_ in a  sam ple use th e  F araday  and K err e f fe c ts  on plane p o larised  light. 
In th e  fo rm e r technique, as  a  plane p o larised  ligh t source is tra n sm itte d  
th rough  a  specim en, th e  angle of th e  plane o f p o la risa tio n  ro ta te s ,  and th is  
change is d irec tly  re la te d  to  th e  d irec tio n  o f jyi_ in th e  medium. The 
F araday  techn ique (Dillon (1958)) can only be used in th e  case of th in  
specim ens, and aga in  th e  re so lu tio n  is lim ited  by th e  w avelength of the  
illum ination  source.
The K err m ag n eto -o p tic  (M-O) technique re lie s  on analysing  th e  change to  the  
angle of p o la risa tio n  o f a  plane po larized  lig h t source w hich has been
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re f le c te d  fro m  th e  su rfa c e  o f th e  sam ple. The techn ique can give 
q u a n tita tiv e  in fo rm a tio n  on th e  d irec tio n s of th e  s u rfa c e  m ag n etisa tio n  o f a 
sam ple, and h as  been used ex tensively  fo r  bo th  s ta t ic  and dynamic 
experim en ts, (e.g. R uhrig  e t  a l (1990), Rave e t a l (1990)). K err M -0 images 
ob tained  fro m  sam ples used in th is  study a re  p re sen ted  in sec tio n  5.4.
In re cen t y ea rs , m onochrom atic ligh t sources used  in K err m icroscopes have 
been rep laced  by m ore s ta b le  la se r  sources (Argyle e t  a l (1987)). This fa c t  
becomes especia lly  im p o rtan t when a ttem p tin g  to  «map q u an tita tiv e ly  th e  
su rfa c e  m ag n e tisa tio n  d is tr ib u tio n  of a  sam ple. Both th e  F arad ay  and K err 
M -0 im aging m odes a re  re la tiv e ly  sim ple to  im plem ent and dynam ic experim ents 
can easily  be p erfo rm ed . The reso lu tio n  of th e  K err M -0 technique is lim ited  
by th e  w avelength  o f th e  illum ination  source, a lthough  a  value o f 0 .3pm  has 
recen tly  been been d em o n stra ted , (Rave e t a l (1990)).
A re la tiv e ly  new techn ique w hich o ffe rs  th e  cap ab ility  of im aging th e  
m agnetic dom ain s t ru c tu re  a t  th e  su rf  ace of a  sam ple is m agnetic  f  orce 
m icroscopy (MFM), e .g . M artin  e t  al (1989). A sm all fe rro m ag n e tic  tip  is 
p laced  a t  a  re la tiv e ly  sm all d is tan ce  (« lp m ) fro m  th e  m agnetic  specim en, and 
is subsequen tly  scanned  over th e  specimen. As th is  happens, th e  m agnetic 
fie ld  fro m  th e  specim en causes a d isplacem ent of th e  t ip  w hich can then  be 
m easured  d irec tly  in  o rd e r to  produce an im age w hich con tains in fo rm ation  
reg a rd in g  th e  d is tr ib u tio n  o f m agnetic fie ld  beyond th e  su rfa c e s  of the  
sam ple. T here a re  m any d if fe re n t experim en tal m od ifica tions to  th e  basic 
m ethod depending on how th e  displacem ent of th e  t ip  is m easured  and also  w hat 
p a ram e te r is m easured  e.g . m agnetic fie ld , f ie ld  g rad ien t. The d if fe re n t 
techniques a re  d esc ribed  m ore fu lly  elsew here (M artin e t  a l (1989)).
One m ethod of e lec tro n  m icroscopy which can provide induction m aps is the  
D iffe re n tia l P hase C o n tra s t (DPC) (Chapman and M orrison (1983)) mode. This 
can  only be p erfo rm ed  in a  scanning tran sm issio n  e lec tro n  m icroscope (STEM) 
and th e re fo re  w ill be d iscussed  sep a ra te ly  fro m  th e  CTEM m odes of L orentz 
e lec tro n  m icroscopy w hich a re  described  in sec tio n s  2 .2 .2  and 2 .2 .3 . The 
m ajo r advan tage o f th is  m ethod over th e  CTEM modes is th a t  th e  in ten sity  of
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each pixel in a  p a ir  o f D.P.C. im ages is d irec tly  re la te d  to  th e  com ponents 
of induction p e rp en d icu la r to  th e  d irec tio n  of th e  e lec tro n , in te g ra te d  along 
th e  incident e lec tro n  d irec tio n . Q uan tita tive  induction  m aps (Chapman
(1990)) have been d em o n stra ted  w ith  a reso lu tio n  o f lOnm.
2 .2  IMAGE FORMATION IN A CONVENTIONAL TRANSMISSION ELECTRON
MICROSCOPE (CTEM) AND LORENTZ ELECTRON MICROSCOPY
2.2.1 IMAGE FORMATION IN A CTEM
In a  conventional tran sm iss io n  e lec tro n  m icroscope, e lec tro n s  a re  em itted
fro m  a  h ea ted  tu n g s ten  o r lan thanum -hexaboride  (LaB ) filam en t w hich is held
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a t  a  high negative  p o ten tia l. A fte r leaving th e  f ilam en t th e  e lec tro n s  fo rm  
a  c ro ss-o v e r and a re  a c ce le ra ted  to w ard s a  grounded an n u la r anode. S itu a ted  
betw een  th e  anode and th e  specim en a re  tw o condenser lenses w hich con tro l th e  
e ffec tiv e  source  size  and an g u la r convergence of th e  e lec tro n s  w hich fin a lly  
re ach  th e  specim en plane. Small source sizes  give h igher coherence 
illum ination , a lthough  th e  c u r re n t density  in th e  p lane of th e  specim en is 
reduced. The use o f a  highly coheren t beam  is d es irab le  bu t th e  p ra c tic a l 
problem s a sso c ia te d  w ith  low c u rre n t densities  m ust a lso  be considered.
The above a rran g e m e n t consisting  of an e lec tro n  source and tw o condenser 
lenses can produce a p lane wave, 0 ( r  ), which is incident on th e  specimen.O ---
The in te ra c tio n  o f th e  inciden t beam w ith  th e  specim en is described  by a  
" tran sm ittan c e  function", h( r  ) , which fo r  specim ens ac tin g  as  pu re  phase 
o b jec ts , (i.e . th e  am plitude of th e  incident beam  is  no t a ffe c te d ) , is given 
by;
h( r  ) = exp (- i  <p ( _r_ )) (2.1)
w here 0  ( _ r_) is th e  phase change su ffe red  by th e  e lec tro n s  due to  the 
specim en and ( _r_ ) is th e  position  vec to r in th e  p lane o f th e  specim en. It
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w as poin ted  ou t by Aharonov and Born (1959), th a t  th e  phase d iffe ren ce , 
0 (x ), in troduced  betw een  tw o e lec tro n s  which o rig in a te  fro m  th e  sam e poin t and 
tra v e l d if fe re n t  p a th s  b e fo re  re jo in in g , is p ro p o rtio n a l to  th e  m agnetic  flu x  
enclosed by th e  tw o p a th s . In th e  case  o f a  one-d im ensional m agnetic  ob jec t, 
in w hich th e  geo m etric  p a th  leng ths of th e  e lec tro n s  a re  th e  sam e, th e  fo rm  
of 0(x) is given by
w here N is  th e  to ta l  m agnetic  f lu x  enclosed by th e  tw o p a th s . Hence tw o
e lec tro n s  sa tis fy in g  th e  above condition and inciden t along th e  z d irec tio n  
w ill s u f fe r  a  phase  d iffe re n c e  0  (x) betw een tw o p o in ts  and x  given by;
The e lec tro n  d is tu rb an ce  upon ex itin g  fro m  th e  specim en is  described  by 
0  ( r  ) w here,
e ----
w here FT denotes a  F o u rie r T ran sfo rm  and _k_ is  th e  position  vec to r in 









0 e( _r_ ) = h( r  ) 0  ( r  ) (2.4)
The em ergent wave, 0  ( r  ) is th en  p ro jec ted  onto th e  back fo ca l plane (bfp)
e -----
of th e  ob jective  lens, and th e  fo rm  of ( k ) is given by;
bf p ----
¥ ( k ) = FT [ 0  ( r  ) ]
bf p   e ----
(2.5)
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and is desc ribed  by an  " a p e rtu re  function", A ( _k_ ), given by;
A ( k_ ) = 1 inside th e  a p e r tu re  (2.6a)
= 0 o therw ise  (2.6b)
A nother fa c to r  w hich m ust be in troduced  a t  th is  s tag e  a r is e s  fro m  th e  defocus 
and a b e rra tio n  o f th e  im age fo rm ing  lens, and is ex p ressed  by th e  func tion  
w( Jc_ ), w here;
w( k ) = exp( - 2 n i { \  —  A3 (k2+ k2)2 1 + I"—  A (k2+ k2) 1 »  (2.7)
  L 4 x  y J |_ 2 x y j
w here A is th e  w avelength  o f th e  e lec tro n s, k and k a re  th e  com ponents of
x  y
th e  position  v ec to r in  re c ip ro ca l space, A is th e  def ocus o f th e  image 
fo rm ing  lens and Cg is th e  th ird  o rd e r sp h erica l a b e rra tio n  co e ffic ien t of 
th is  lens. Combining equa tions 2.6 and 2.7, t  ( _k_ ) is defined  as;
t  ( _k_ ) = w( _k_ ) A( _k_ ) (2.8)
The fo rm  of th e  com plex wave on th e  image (x ’,y ’) plane is given by the  
F o u rie r T ran sfo rm  of th e  m odified back fo ca l p lane d is tu rb an ce . Hence the  
im age in ten s ity  I (x ’,y ’) is  given by;
(2.9)I(x’,y’) = {'P ( k )t( k )exp[-2Tri(k x ’+k y’)]dk dk ]
1 1 1  b f p  ------    X  y  X y
The above equation  co n ta in s  a ll th e  in fo rm ation  n ecessa ry  to  describe  the  
CTEM modes o f L o ren tz  e lec tro n  m icroscopy. I t  should also  be noted  th a t  fo r  
an  a p e r tu re  fu n c tio n  w hich is un ity  everyw here and an a b e rra tio n  f r e e  lens, 
c o n tra s t  v a ria tio n s  in th e  f in a l  image can s t i l l  be in troduced  th rough  a 
non-zero  value o f A in eqn. 2.7; th is  is re lev an t to  th e  F resne l mode.
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2 .3 .2  FRESNEL LORENTZ ELECTRON MICROSCOPY
F or th e  case o f th e  one dim ensional m agnetic body considered  above, in  th e  
F resn e l mode i t  can be shown (Jakubovics (1975)) th a t  th e  in ten s ity  o f the  
f in a l  im age is given by th e  expression ;
I ( x \y ')  = exp(i <j> (x ’)) * exp(7ri(x’2 + y ’2) /  (A A )) (2.11)
w here * denotes th e  convolution in teg ra l. C o n tras t a r is e s  in th e  f in a l image 
w here  th e re  is a  v a r ia tio n  o f th e  in -p lane  com ponent o f induction  in th e  
sam ple, e.g. ac ro ss  dom ain w alls.
An a lte rn a tiv e , c la ss ic a l d esc rip tio n  of th e  F resnel mode may be understood  
fro m  fig . 2.1. E lec tro n s p assing  th rough  reg ions of th e  sam ple which a re  
oppositely  m agnetised  a re  d e flec ted  in opposite d irec tio n s . If  th e  image 
fo rm ing  lens is focused  on a  plane w hich is non-co inciden t w ith  th e  specim en, 
( A *  0 in eqn 2.7 ) dom ain w alls  a re  shown as  reg ions of high o r low 
in ten s ity , fig . 2 .2 (a). The in ten s ity  and d iffu sen ess  o f th ese  lines give an
ind ication  of th e  m agnitude of th e  in -p lane ro ta tio n  and also  th e  angle of
ro ta tio n  o f th e  m ag n e tisa tio n  ac ro ss  a  domain w all.
The F resne l mode can  be used to  ca lcu la te  the  dom ain w all w id th  (Reim er and 
K appert (1968)) a lthough  th is  procedure  is not s tra ig h tfo rw a rd . A F resnel 
im age fro m  a  95nm th ick , 4 .00  by 2.00/im , Ni Fe p a r tic le  is shown in
O u » b  X /  «b
fig . 2 .2 (a), in w hich dom ain w alls  ap p ear as lig h t and dark  lines. No d irec t
in fo rm atio n  to  in d ica te  th e  d irec tio n s  of _M_ w ith in  each dom ain is given,
b u t th e  m ag n e tisa tio n  d is tr ib u tio n  o f such a sim ple s tru c tu re  can be deduced 
fro m  fig . 2 .2(a) and is shown schem atically  in fig . 2.2(b).
2 .2 .3  FOUCAULT LORENTZ ELECTRON MICROSCOPY
A second mode o f L o ren tz  e lec tro n  m icroscopy w hich can be p ra c tise d  in a  CTEM 









F i g .  2 . 2  (a)  F r e s n e l  image o f  a 4 .00  by 2-00/im, 95nm t h i c k
Ni Fe p a r t i c l e .  (b)  Schemat i c  d i ag ram showing th e
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m a g n e t i s a t i o n  d i s t r i b u t i o n  frpm th e  F r e s n e l  image,  above.
b fp  and subsequently  used to  o b s tru c t p a r ts  o f th e  tra n s m itte d  beam . Once 
aga in  th e  c o n tra s t  can  be u nderstood  fro m  eqn. 2 .9 . The a p e r tu re , w hich has 
been d isp laced  fro m  th e  sym m etry  position  about th e  op tic  ax is  is  defined  by 
A( _k_ );
A (k) = 1 (k -  k )2 + (k -  k )2 ^  A 2 (2.11a)
—  x  X1 y  y  P
= 0 O therw ise (2.11b)
(k -  k )2 + (k -  k )2 = A 2 (2.11c)
x  x i  y y p
w here  th e  c e n tre  o f th e  a p e r tu re  has been d isp laced  to  th e  po sitio n  (k ,
l
ky ), and A^ is  th e  ra d iu s  o f th e  ap e rtu re  in th e  back fo ca l plane. This
p a r tic u la r  a p e r tu re  fu n c tio n  can be seen to  m odify th e  in ten s ity  o f th e  fin a l 
im age. T here a re  how ever some d is tin c t problem s w ith  th e  F oucau lt im aging 
mode w hich m ust be re a lise d  b e fo re  in te rp re ta tio n  o f th e  im ages can tak e  
p lace . The f i r s t  concerns th e  ap e rtu re , which in c o n tra s t  to  th a t  described  
by eqn 2.11 does no t have a  com pletely ab ru p t edge, nor is i ts  position  
ex ac tly  reproducib le . A m ore fundam ental problem  a r is e s  fro m  th e  n o n -lin ea r 
re la tio n sh ip  betw een  th e  in ten s itie s  in a Foucault im age and th e  sp a tia l 
v a ria tio n  of th e  in -p lan e  com ponents of induction of th e  sam ple (Jakubovics 
(1975)). T h e re fo re  i t  is unw ise to  e x tra c t  in fo rm ation  fro m  F oucau lt im ages 
fro m  reg ions o f th e  sam ple over which the  in ten s ity  is vary ing  rap id ly  e.g.
ac ro ss  domain w alls. The Foucault mode cannot be used to  o b ta in  q u an tita tiv e
in f o rm ation  a t  high sp a tia l  reso lu tion , but can quickly and easily  provide
in fo rm atio n  fro m  la rg e  a re a s  of th e  sam ple.
A c la ss ica l d esc rip tio n  of th e  Foucault mode can be understood  fro m  fig . 2.3. 
The ob jective a p e r tu re  w hich has been displaced o f f -c e n tre ,  o b s tru c ts  p a r ts  
o f th e  tra n sm itte d  beam , and by su itab le  position ing  o f th e  a p e rtu re  i t  is 
possib le to  selectively  allow  d if fe re n t p a r ts  of th e  tra n s m itte d  beam  to  fo rm
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Fig. 2.3 Classical description of the Foucault imaging mode.
th e  f in a l image. In th is  w ay i t  is possib le to  map d if fe re n t  com ponents of 
induction.
In norm al p ra c tic e  tw o F oucau lt im ages a re  taken , m apping induction  p a ra lle l 
to  tw o  o rthogonal d irec tio n s  in a  sam ple. A p a ir  o f F oucau lt im ages from  a
4 .0 0  by 1.00 pm, 60nm th ick  Ni Fe p a r tic le  is shown in fig . 2 .4(a) and
82 .5  17.5
(b), w ith  th e  m ag n e tisa tio n  d is tr ib u tio n  given in fig . 2 .4(c). Although th is  
technique re s u lts  in im ages w ith  a  high level of c o n tra s t,  q u a n tita tiv e  d a ta  
should be e x tra c te d  cautiously .
2 .2 .4  SUMMARY
The tw o CTEM modes o f L o ren tz  m icroscopy described  in sec tio n s 2 .2 .2  and
2 .2 .3  provide a  m eans o f q u a lita tiv e ly  mapping th e  m ag n e tisa tio n  d is tr ib u tio n  
of a  sam ple. The use o f m ore th an  one o f th e  above techn iques gives 
in fo rm atio n  o f a com plem entary  n a tu re  which would o th erw ise  be d if f ic u lt  to  
ob ta in . In th is  study  th e  F resn e l and F oucault modes w ere used to  com plem ent 
each  o th e r in cases w here im ages o f one type proved d if f ic u lt  to  in te rp re t . 
These tw o modes w ere  d e lib e ra te ly  chosen because of th e ir  su itab ility  to  
experim en ts in w hich th e  im aging conditions a re  no t very s tab le  -  th is  w as 
especially  re lev an t when p e r f  orm ing the  se t o f in -s i tu  m agnetising  
experim en ts d iscussed  in c h a p te rs  4 to  6.
2.3  DISCUSSION OF THE JEOL 1200EX AND 2000FX CTEMs.
D uring th e  course of th is  p ro je c t alm ost a ll of th e  exp e rim en ta l d a ta  w ere 
acqu ired  on e ith e r  th e  JEOL 1200EX or 2000FX CTEMs. These w ill be described  
b r ie f ly  in sec tions 2.3.1 and 2 .3 .2 , w here th e  advan tages sp ec ific  to  each 
m achine w ill also  be h ighlighted.
21
c1 ; jm
Fig.  2 .4  (a)  and (b) ,  p a i r  of  F o u c a u l t  images which map in d u c t io n
p a r a l l e l  and p e r p e n d ic u la r  to  the  long a x i s  of  t h e  p a r t i c l e ,  
(c)  the  m ag n e t i s a t io n  d i s t r i b u t i o n  i n f e r r e d  from (a)  and
(b) ,  above.
2.3.1 THE JEOL 1200EX CTEM
The m ost im p o rtan t d iffe ren c e  betw een th e  1200EX and 2000FX m icroscopes a t  
th e  U niversity  of Glasgow is th e  type of ob jective lens w hich is p re sen t. In 
th e  1200EX, as  is th e  case  fo r  m ost CTEMs o p era tin g  under high m agn ifica tion  
conditions, th e  specim en is s itu a te d  in a  m agnetic fie ld  o f 0 .5  to  LOT. 
C learly  th is  is unaccep tab le  when exam ining m agnetic specim ens a s  any domain 
s t ru c tu re  p re sen t would norm ally  be erased . However th e  1200EX does o f f e r  a 
high reso lu tion , ( la ttic e  re so lu tio n  0.3nm) and is very  w ell su ited  to  give a 
fu ll  d escrip tion  o f th e  m icro c ry s ta llin e  p ro p e rtie s  o f th e  specim ens (section  
3 .4). The high re so lu tio n  also  enables analysis o f sem iconductor quantum  
w ells and w ires  re s u lts  fro m  w hich w ill be p resen ted  in ch a p te r 7.
Using th e  1200EX, ana lysis  o f th e  m agnetic p ro p e rtie s  of sam ples is lim ited  
to  th e  specia l case w here th e  sam ple is in f ie ld -f re e -s p a c e , i.e . when the  
ob jective  lens is sw itched  o ff . In th is  mode th e  m ini o b jec tive  lens is used 
as  th e  image form ing  lens, and m agn ifica tion  changes a re  co n tro lled  by th re e  
in te rm ed ia te  lenses, (II, 12 and 13), which a re  also  s i tu a te d  a f te r  the  
specim en. The c u r re n ts  th ro u g h  II, 12 and 13 a re  co n tro lled  individually  by 
using a  " free  lens co n tro lle r" . O perating  th e  m icroscope w ith  th e  f r e e  lens 
c o n tro lle r  allow s a  m axim um  m agn ifica tion  of x5500 to  be ob ta ined  w ith  th e  
specim en s itu a te d  in f ie ld -f re e -s p a c e . This w as found to  be s u ff ic ie n t to  be 
ab le to  exam ine some sam ples, and th e  re su lts  ob ta ined  a re  described  in 
ch a p te r 4.
2 .3 .2  THE MODIFIED JEOL 2000FX CTEM
The m odified JEOL 2000FX a t  Glasgow U niversity  is op tim ised  fo r  th e  ana lysis 
of m agnetic specim ens and d if fe r s  from  th e  1200EX in tw o  m ain re sp ec ts . 
F irs tly  th e  acce le ra tin g  voltage is 200kV com pared w ith  120kV, b u t th e  second 
and by f a r  m ost s ig n ifican t d iffe ren c e  is th e  type o f ob jective  lens w hich is 
p re sen t. The m ain advan tage o f th is  p a r tic u la r  ob jective  lens, w hich is
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s im ila r  in design to  th a t  described  by Tsuno (1983), is  th a t  u nder norm al 
o p e ra tin g  conditions, th e  specim en is s itu a te d  in a  m agnetic fie ld  o f only 
640 A.m , in a d irec tio n  out of th e  p lane of th e  specim en. Even u nder these
c ircu m stan ces , th e  la tt ic e  re so lu tio n  is approx im ately  2 nm.
A nother s ig n ifican t advantage w ith  th is  in s tru m en t is th a t  th e  ob jective  
a p e r tu re  is s itu a te d  ex ac tly  in th e  back focal plane of th e  ob jec tiv e  lens, 
and hence th e  m icroscope is ideally  su ited  fo r  p e rfo rm ing  high m ag n ifica tio n  
Foucau lt im aging. During th e  course  of th e  experim ents  i t  w as found  th a t  
c o n tra s t  v a ria tio n s  in Foucault im ages w ere ex trem ely  sen sitiv e  to  th e  
p o sition  of th e  ap e rtu re , and hence very fine  co n tro l over i t ’s  p o sitio n  w as 
n ecessary . In o rd e r to  have Foucault im aging conditions w hich a re  as 
rep ro d u cib le  as  possible, th e  fo llow ing p rocedure w as adopted;
1) F irs tly  th e  m icroscope w as aligned as norm al such th a t  th e  inciden t and 
tra n sm itte d  beam s w ere  d irec ted  along th e  optic  ax is.
2) The im aging co n d itio n s w ere th en  changed to  d if f ra c tio n  mode, f o r  w hich 
th e  incident beam  should com prise p a ra lle l illum ination , and a lso  th e  
p o st specim en lenses should be focused  on th e  back fo ca l p lane o f th e  
ob jective  lens. To achieve th ese  conditions, th e  ob jec tive  a p e r tu re  is
f i r s t  in se rted  sym m etrically  about th e  tra n sm itte d  beam. As th e  a p e rtu re  
is s itu a ted  in th e  back fo ca l plane, fine  ad ju s tm en ts  to  th e  focus and 
astig m atism  of th e  p o st specim en lenses, and subsequently  th e  incident 
illum ination, can also  be made a t  th is  point.
3) Using the  c o a rs e  a p e r tu re  co n tro ls , the  a p e rtu re  is th en  moved o ff  ax is  
to  o b s tru c t p a r ts  of th e  tra n sm itte d  beam, as shown in fig . 2.3.
4) The p o st specim en lenses a re  th en  focused on th e  specim en plane.
5) V ery  slig h t changes to  th e  position  of the  tra n sm itte d  beam  w ith  re sp ec t 
to  th e  a p e rtu re  a re  then  achieved by a lte r in g  th e  c u r re n ts  th ro u g h  th e
condenser lens alignm ent coils. This is done in o rd e r to  op tim ise th e  
quality  o f th e  fin a l Foucault im age, which is v isually  inspected  during
th is  la s t  step . Only very sm all changes a re  made to  th e  position  o f the
tra n sm itte d  beam  so th a t  i t  rem ains essen tia lly  on th e  op tic  ax is.
23
F inal Foucault im ages w ere in itia lly  viewed using a  low ligh t level TV 
cam era , op tica lly  coupled to  a  YAG sc in tilla to r  onto w hich th e  e lec tro n s  w ere 
incident. A fram e s to re  w ith  a  fram e  averaging  fa c il ity  ensu red  th a t  
su itab ly  noise f re e  im ages could be obtained. By th is  m eans, fin e  domain 
d e ta il  could be observed w h ilst the  experim ent w as in p ro g ress . P erm anen t 
im ages w ere  ob tained by reco rd in g  th e  im ages on m agnetic  ta p e  o r, m ore 
usually , on photographic film  w hich could be in se rted  above th e  YAG 
sc in ti lla to r .
2 .4  THE MAGNETISING STAGE
In o rd e r  to  gain  fu r th e r  in s ig h t in to  th e  m agnetisa tion  p ro cesses  o f th e  
sam ples under investigation , i t  would be highly b en efic ia l i f  ob serv atio n s of 
dynam ic experim ents could be m ade "in -situ" , i.e . w h ils t th e  sam ple is 
a c tu a lly  in  the  m icroscope. A specially  designed m agnetising  s ta g e  w as 
designed and b u ilt to  p e rfo rm  th is  ta sk . The m ain advan tages of th is  s tag e  
a re  sum m arised  below;
1) The s tag e  is  able to  apply co n stan t fie ld s  of up to  12 kA.m 1 (150 Oe) to  
th e  specim en, although in norm al p rac tice , th e  fie ld  cannot be m ain tained  
much in excess of 10 kA.m-1 fo r  prolonged periods as th e  coils h ea t up, 
ou tgas and the  g eneral s ta b ility  of th e  imaging conditions d e te r io ra te .
2) When acq u irin g  perm anent im ages, th e  fie ld  from  th e  m agnetising  s tag e  has 
to  be very s tab le , as any in s tab ilitie s  a re  tra n sp o r te d  into d iscern ib le  
movem ents of th e  tra n sm itte d  beam, which subsequently  degrade th e  quality  
of th e  f in a l image. A highly s tab le  c u rre n t source is th e re fo re  
req u ired , as is good th e rm a l conductiv ity  of th e  s ta g e  itse lf .
3) The sam ple is  able to  be ro ta te d  sep a ra te ly  w ith  re sp e c t to  th e  fie ld  
w ith o u t having to  tak e  i t  ou t of th e  m icroscope. A ccurate alignm ent of 
th e  sam ple w ith  re sp e c t to  th e  f ie ld  can then  tak e  place w ith  re la tiv e  
ease. The sam ple can be aligned to  an accuracy  o f + 5° to  any desired  
d irec tion .
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4) The s t a g e  its e lf  can f i t  in to  th e  s tan d a rd  s id e -e n try  a irlo ck  o f th e  JEOL 
100, 1200 and 2000 CTEMs. This allow s th e  flex ib ility  o f using  various 
techn iques available on d if fe re n t m icroscopes in o rd e r to  o b ta in  th e  m ost 
in fo rm atio n  from  th e  sam ple.
The s ta g e  i ts e lf  is shown in fig . 2.5. The specim en is  s i tu a te d  in a
cy lin d rica l b a r re l which can be ro ta te d  sep a ra te ly  w ith  re sp e c t to  a s e t  of 
so lenoidal fo rm e rs  using th e  co n tro l m arked A. F eedthroughs, m arked  B, fo r
th e  c u r re n t  supply to  th e  solenoids a re  also  s itu a ted  a t  th is  end o f th e  rod. 
The co ils them selves a re  fix ed  on e ith e r  side of th e  specim en, and com prise 
tw o  s o f t  iro n  fo rm ers  each w rapped w ith  40 tu rn s  o f 0.25mm in su la ted  copper 
w ire . A close-up  of the  specim en environm ent is shown in fig . 2 .6 . The 
f ie ld  applied  to  th e  specim en ( H ) is d irec tly  p ro p o rtio n a l to  th e
— e x t
c u r re n t  th rough  the coils, and a  g raph  showing th e  to ta l  fie ld  a t  th e
specim en (fo r both increasing  and decreasing  cycles) is given in fig . 2.7. 
I t  can  be im m ediately seen th a t  w ith in  th e  experim ental e r ro rs ,  th e re  is no 
s ig n if ic a n t hy steresis .
Due to  space lim ita tions, no com pensation coils a re  in co rp o ra ted  in to  the  
s tag e . The e f fe c t of th e  applied fie ld  ( _H ) is to  d e f le c t th e  e lec tro n  
beam  aw ay from  the  optic ax is. To com pensate fo r  th is  th e  inciden t beam  is 
t i l te d  p r io r  to  the  specim en using the  ALIGNMENT TILT coils so th a t  th e  
e f fe c t  of the  applied fie ld  is then  to  re tu rn  th e  beam  back onto th e  optic 
ax is . Any astigm atism  which is in troduced may be co rrec te d  in th e  JEOL 
2000FX using th e  OBJECTIVE STIGMATORS, and in th e  JEOL 1200EX using th e  
INTERMEDIATE STIGMATORS.
Using th e  m agnetising  s tag e  i t  is possible to  observe d irec tly  th e  e f fe c t  of 
a  c o n s tan t applied fie ld  to  th e  domain s tru c tu re  of a  specimen.
The m agnetising  s tag e  can also  be used to  apply pulsed, as w ell as  steady  
fie ld s , a lthough in th e  pulsed mode only rem anen t s ta te s  can be exam ined. 
Pulsed fie ld s  (—10  ^ s du ra tion) f a r  in excess of 10 kA.m can be applied  as 
th e  co ils a re  only energ ised  fo r  a  re la tiv e ly  sh o rt tim e, and so do not h ea t 
up appreciab ly . For pulsed mode operation , a high c u r re n t am p lifie r w as
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Fig.  2 .5  The mag ne t i s ing  s t a g e .  The r o t a t i o n  c o n t r o l  i s  marked A and 
t h e  feed th ro ugh  f o r  the  c u r r e n t  supp ly  i s  marked B.
Fig.  2 .6  Close-up of the  specimen environment  in  the  magnet is ing 
s t ag e .
Typical e r r o r  i
Current (Amps)
Fig. 2.7 Calibration curve of the field at the specimen versus 
current supplied to the coils. The crosses denote the 
increasing cycle, while the circles represent the 
decreasing cycle.
co n s tru c te d  w hich could supply sq u a re  wave pu lses of up to  10A to  th e  coils. 
Assum ing th a t  th e  value o f /i f o r  th e  s o f t  iron  fo rm e rs  does n o t vary  fo r
r
c u r re n ts  up to  10A, th e  m axim um  fie ld  w hich can be app lied  to  th e  specim en in 
th e  pu lsed  mode is 64kA.m \  The co ils them selves have a  tim e  c o n s ta n t of 
a p p ro x im a te ly  10 5 secs, and so do no t s ig n ific an tly  a f f e c t  th e  shape o f th e
pu lse . (The ca lcu la tio n  of th e  tim e  c o n s ta n t is show n in append ix  1)
The m ag n etis in g  s ta g e  w as used ex ten siv e ly  th ro u g h o u t th is  p ro je c t ,  and
re s u lts  o b ta in ed  fro m  i t  a re  given in c h a p te rs  4 to  6.
2 .5  THEORETICAL PREDICTIONS FOR SINGLE DOMAIN PARTICLES
One o f th e  p rim ary  o b jec tiv es  of th is  p ro je c t  w as to  in v es tig a te  th e  m ag n etic  
p ro p e r t ie s  o f sm all re g u la r ly  shaped  p a r tic le s . As w ill be d esc rib ed  in
c h a p te r  3, th e  p a r tic le s  used  in  th is  s tu d y  w ere  e sse n tia lly  tw o  dim ensional 
re c ta n g u la r  shapes w ith  vary ing  in -p lan e  a sp e c t ra tio s .  P rev ious s tu d ie s  on 
tw o  d im ensional Ni Fe p a r tic le s  in w hich shape an iso tro p y  w as dom inant
82*5 17*5
(M cVitie (1988)), in d ica ted  th a t  s ing le  dom ain (SD) p a r tic le s  w ould n o t be 
found . If , how ever, some an iso tro p y  w ere  in tro d u ced  in to  th e se  p a r tic le s  
w hich w ould re s u lt  in sing le dom ain s ta te s ,  i t  would be highly b en e fic ia l if  
som e th e o re tic a l  p red ic tio n s  w ere  known ab o u t such p a r tic le s  in advance.
The m ag n e tic  induction  B ( r  ) fro m  a  SD p a r tic le  o f dim ensions 2a by 2b by 
2c, c e n tre d  abou t th e  o rig in  and un ifo rm ly  m agnetised  along th e  y -a x is  
( _M_ (x ,y ,z )  = (0, Ma> 0) ) is given by th e  exp ression ;
B ( r ) = f i ( H ( r )  + M ( r ) )  (2.12)
—  —  o —  —  —  —
w h ere  th e  com ponents o f H ( _r_ ) a r e  given by (Corb (1988), McVitie (1988));
Hx  = f{ (x -a ) , (x+a), (y -b ), (y+b), (z -c ), (z+c)> (2.13a)
Hy = g{(x-a), (x+a), (y-b), (y+b), (z -c ), (z+c)> (2.13b)
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Hz -  h{(x-a), (x+a), (y -b ), (y+b), (z -c ), (z+c)} (2.13c)
(F or co n c isen ess, th e  e x a c t fo rm  o f th e s e  eq u a tio n s  is  given in  ap pend ix  2 .)
An e le c tro n  inc iden t along  th e  z d ire c tio n  in to  th e  v ic in ity  o f a  SD p a r tic le  
is  d e f le c te d  th ro u g h  sin ang le  0 l (x ,y) = ( 0 l ,0 l ), th e  com ponents o f w hich
x  y
earn be w r i t te n  s e p a ra te ly  as;
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|SL (x ,y) = ~(eA/ h ) J  Bx(x ,y ,z ) dz (2.14b)
U sing eqns. 2.12, 2.13 and  2.14 th e  values o f |3 (x ,y) w e re  c a lc u la te d  fo r
v a rio u s  sh ap es o f SD pair t i d e s .  E ach  com ponent o f 0 L (x ,y) w as th e n  com pared  
to  0  , w hich  is  defined  a s
= (e » t B  j (215)
7 h
w h ere  t  = 2c (the  th ick n ess  o f th e  SD p a r tic le ) , and  th e  s a tu ra tio n  induction
is  eq u a l to  B . The value o f
S
K
—  x 100 i = x  o r  y
0 s
w ill be r e f e r r e d  to  as  th e  re la tiv e  d e flec tio n  angle.
F o r a  p a r tic le  o f dim ensions 2 a  = 1.00 pm, 2b = 4 .0 0  pm, 2c = 60nm , and  PqMs 
= 1 T, th e  com ponents o f 0 L (x ,y) w ere  ev a lu a ted  fo r  e lec tro n s  w ith  v ario u s 
d if f e r e n t  in itia l  c o -o rd in a te s  (x ,y). The lim its  o f th e  in te g ra l  (eqn. 2.14)
in th e  z d irec tio n  a re  tak en  to  be su ff ic ie n tly  f a r  aw ay fro m  th e  p a r tic le
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t h a t  th e  m agnitude of th e  induction  is neglig ib ly  sm all. The v ario u s in itia l  
c o -o rd in a te s  (x ,y) from  w hich th e  re la tiv e  d efle c tio n  ang les w ere  c a lc u la ted  
a re  show n re la tiv e  to  th e  p a r tic le  in fig . 2 .8 . Four d if fe re n t  g ra p h s  a re  
p re se n te d  in fig s . 2 .9  to  2.12 co rresp o n d in g  to  d if f e re n t  in itia l  
co o rd in a te s .
In p a r t ic u la r ,  fo r  e lec tro n s  w ith  x  c o -o rd in a te  x  =0, th e  value o f ( 3 (0, y)
w as ca lc u la te d  fo r  a  ran g e  o f y c o -o rd in a te s  and  th e  re la tiv e  d e fle c tio n  
an g les  a re  show n in fig . 2 .9 . F o r th e  sam e p a r tic le , e le c tro n s  w ith  in itia l  
x  c o -o rd in a te  x= a, re la tiv e  d efle c tio n  an g les a re  given in f ig . 2.12 fo r  a  
ra n g e  o f in itia l  y co o rd in a tes . S im ila r g ra p h s  a re  given in f ig s . 2.10 and 
2.11, f o r  e le c tro n s  having in itia l  c o -o rd in a te s  y = 0 and  y = b re sp ec tiv e ly .
The ca lc u la tio n  w as th en  ex ten d ed  to  ca lc u la te  th e  com ponents o f f 3 (x ,y) a t  
an  a r r a y  o f p o in ts  inside and o u ts id e  th e  p a r tic le . The p o s itio n  o f each  
p o in t in th e  a r r a y  w ith  re s p e c t to  th e  p a r tic le  is shown as  th e  shaded  reg io n  
in f ig . 2.13. A fte r  ca lc u la tin g  each  com ponent o f |3l  (x ,y), th e  re la tiv e  
d e f le c tio n  ang le  w as th en  p lo tte d  in a  s im u la ted  th re e  d im ensional g ra p h  in 
w hich  th e  z  co -o rd in a te  re p re se n te d  th e  re la tiv e  d efle c tio n  angle. T hese 
g ra p h s  a r e  given in fig s . 2.14 and 2.15, f o r  w hich;
As show n in fig . 2.13, only one q u a r te r  o f th e  possib le  a r r a y  w as used  due to  
th e  sym m etry  o f th e  ca lcu la tio n . T his ty p e  o f p ro ced u re  can  a lso  be used  to  
g e n e ra te  im ages by co n v ertin g  each  o f th e  d eflec tio n  ang les in to  an  in te g e r  
b e tw een  0  and 255. Each po in t o f th e  a r r a y  th en  deno tes a  p ixel w hich h as  an  
in te n s ity  value defined  as  th e  in te g e r  betw een  0 and 255. By p lo ttin g  each  
com ponent o f (x,y) s e p a ra te ly , i t  is possib le  to  g e n e ra te  im ages sen s itiv e  
to  induction  along sp ec ific  d irec tio n s . Two such im ages a re  given in f ig s .
X
fo r  f ig . 2.14,
and  f o r  f ig . 2.15,
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F ig .  2 .8  D iag ram  sh o w in g  th e  p o s i t i o n s  o f  f i g s .  2 .9  to  2 .1 2  r e l a t i v e  
t o  t h e  p a r t i c l e .
F ig .  2 .1 3  The i n i t i a l  c o - o r d i n a t e s  o f  th e  e l e c t r o n s  a r e  shown a s  th e  
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F ig .  2 .1 2  G raph sh o w in g  th e  r e l a t i v e  d e f l e c t i o n  a n g le  v e r s u s  
a lo n g  ( a ,  y ) .
a lo n g
P arcan iaoa  cnanga m x—dafWcilon
Z: - 2 2  Tt) 7 5 Z: - 2 2  TO 75  CONTOURS AT MULTIPLES OF 10
F ig .  2 .1 4  The x co m p o n en t o f  th e  r e l a t i v e  d e f l e c t i o n  a n g l e ,  p l o t t e d  a s
t h e  z  c o - o r d i n a t e  v e r s u s  ( x ,y )  f o r  t h e  r a n g e  o f  i n i t i a l  x
an d  y c o - o r d i n a t e s  shown in  f i g .  2 .1 3 .
P a rc a n ia q a  chanqa in u—daflacilon 
Z: 0  TO 1 4 3 L  0  TO 14 3  CONTOURS AT MULTIPLES OF 20
F ig .  2 .1 5  The y com ponen t o f  th e  r e l a t i v e  d e f l e c t i o n  a n g le  p l o t t e d  a s  
t h e  z c o - o r d i n a t e  v e r s u s  ( x , y ) .  I n i t i a l  x and  y
c o - o r d i n a t e s  a s  f i g .  2 . 1 3 .
2.16 and  2.17. The edges of th e  p a r tic le  have been shown by a  dashed  line 
fo r  c la r i ty .  As the  value of th e  dem agnetising  f ie ld  is g re a te s t  a t  th e  ends
of th e  p a r tic le ,  th e  value of th e  re la tiv e  d eflec tio n  angle a re  sm a lle r  n ea r
th e  ends o f th e  p a r tic le . T his can  be seen fro m  fig . 2 .9 , in w hich, as th e
value o f th e  dem agnetising  f ie ld  d ec rea ses  to w ard s  th e  c e n tre  o f th e  
p a r tic le ,  th e  value o f th e  in te n s ity  (i.e . th e  re la tiv e  d e fle c tio n  angle) 
in c re a se s .
J u s t  o u ts id e  each  of th e  c o rn e rs  of th e  p a r tic le , th e re  is a  re la tiv e ly  la rg e
value o f B^, and th is  gives r is e  to  th e  la rg e  "spike" in fig . 2.15.
The d iscon tinuous n a tu re  o f B a c ro ss  th e  long edges o f th e  p a r tic le  is
y
a p p a re n t in  e .g . fig . 2.14. Im ages such  a s  th o se  p re sen ted  in f ig s . 2.16 and
2.17 w ould be p a r tic u la r ly  h e lp fu l to  com pare w ith  d a ta  found fro m  re a l  SD
p a r tic le s .
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F i g .  2 . 1 b  S i m u l a t e d  image o b t a i n e d  f r o m  f i g .  2 .1 4  map p ing  i n d u c t i o n  
p a r a l l e l  t o  t h e  l o n g  a x i s  o f  t h e  p a r t i c l e .
ig.  . 17  S i m u l a t e d  i m a g e  o b t a i n e d  f rom f i g .  2 . 1 5  mappi ng  i n d u c t i o n  
p a r a l l e l  t o  t h e  s h o r t  a x i s  o f  t .he p a r t i c l e .
CHAPTER 3
REGULARLY SHAPED PARTICLES- SPECIMEN PREPARATION, BASIC PHYSICAL AND 
MAGNETIC CHARACTERISATION.
3.1 INTRODUCTION
I t  w as  f i r s t  po in ted  ou t by F ran k lin  and D orfm an (1930) th a t  th e  co n trib u tio n
to  th e  to ta l  energy  o f a  fe rro m a g n e tic  sy stem  a r is in g  fro m  th e  p re sen ce  of
dom ain  w a lls  is  a  s u rfa c e  te rm , and in c o n tra s t ,  th e  m a g n e to s ta tic  energ y  is
a  volum e te rm . When th e  d im ensions o f a  body become very sm all, th e re  should
be a  p o in t a t  w hich th e  ex is ten c e  o f dom ain w alls  is e n e rg e tic a lly
u n fav o u rab le  com pared to  a  s ing le  dom ain s ta te  of th e  sam e p a r tic le .  This 
f a c t  p ro m p ted  ca lcu la tio n s  by K itte l (1946) in w hich he com pared  th e  en e rg ies  
o f s im ple dom ain co n fig u ra tio n s  to  th a t  o f th e  sam e body in a  u n ifo rm ly  
m ag n e tised  s ta te .  He w as th u s  ab le  to  p re d ic t th e  " c r itic a l dim ensions" a t
w hich  s in g le  dom ain p a r tic le s  should  becom e en e rg e tica lly  fa v o u rab le . The 
p re d ic te d  values re lied  heavily  on th e  m agnetic  p a ra m e te rs  used, and  could 
v a ry  d ra m a tic a lly  depending on th e  choice o f p a ra m e te rs . F o r exam ple , th e  
energy  a sso c ia te d  w ith  th e  tw o dom ain s t ru c tu re s  shown in fig . 3.1 w ere
com pared  fo r  a p a r tic le  of d im ensions "LxWxW" and ( ) = 5. The w all energy
_3 _ 2
p e r u n it a re a , <r, w as 3 x 10 J.m  and  Ms = 1700 gauss. In th is  case , 
s in g le  dom ain p a r tic le s  a re  en e rg e tic a lly  fav o u red  when L i  1.4 x 10 5 cm. 
Such ca lc u la tio n s  in w hich th e  n o n -u n ifo rm  s ta te  w as guessed  r a th e r  th a n  
o b ta in ed  by a  m inim isation  o f th e  f r e e  energy , w ere  also  p e rfo rm ed  by Neel 
(1947). In g en e ra l the  energy  o f th e  n o n -u n ifo rm  s ta te  w as o v e r-e s tim a ted .
A m ore rig o ro u s app roach  would involve solving eqn. 1.7 su b je c t to
a p p ro p r ia te  boundary cond itions, and  would re s u lt  in a  th re e  d im ensional 
m a g n e tisa tio n  d is tr ib u tio n . T his h as  proved an  a lm ost in tra c ta b le  p rob lem  in 
m ost c a ses , although th e  s i tu a tio n  is im proving as  f a s te r  and m ore p o w erfu l 
co m p u te rs  become m ore read ily  availab le . This has led m any a u th o rs  e .g .
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Fig. 3.1 Two possible domain structures for a particle.
S chabes and  B ertra m  (1988a and 1988b), F redk in  and  K oehler (1990), Zhu and 
B e rtra m  (1988), W illiams and Dunlop (1989) to  c a lcu la te  th e  equ ilib rium  
dom ain s t r u c tu r e  of sm all p la te le ts , th in  f ilm s o r cubes. In th is  type  of 
an a ly s is  th e  p a r tic le  o r film  is d isc re tis e d  in to  many sm all e lem en ts in 
w hich  each  e lem ent may th en  e i th e r  be u n ifo rm ly  m agnetised  o r have a  dipole 
lo ca te d  a t  i t s  ce n tre . In both  ca ses , th e  m agn itude of th e  m a g n e tisa tio n  is 
he ld  c o n s ta n t, a lthough  its  o r ie n ta tio n  m ay vary . In o rd e r to  p re d ic t  th e  
eq u ilib riu m  dom ain s tru c tu re , one o f tw o  p ro ced u re s  is norm ally  adopted ; 
f i r s t l y  a  p a r tic le  can be su b je c te d  to  a  s a tu ra tin g  fie ld , w hich is th en  
red u ced  to  ze ro , (F redkin and K oehler (1990)) o r a lte rn a tiv e ly , a  random  
d is tr ib u tio n  o f m om ents is assum ed a s  a  f i r s t  guess, and th is  s ta te  is 
a llow ed  to  re la x  u n til an  energy  m inim um  is  reach ed  (W illiam s and  Dunlop 
(1989)). Of p aram o u n t im p o rtan ce  to  bo th  m ethods is th e  size  and num ber of 
e lem en ts  w hich com prise th e  w hole p a r tic le . As th e  num ber o f e lem en ts 
in c re a se s , th e  am ount of com puting tim e  n ec essa ry  fo r  th e  ca lc u la tio n  r is e s  
v ery  quickly. The o th e r im p o rtan t f a c to r  w hich m ust be tak en  in to  acco u n t is 
th e  m a g n e to s ta tic  energy te rm  w hich, unlike th e  exchange te rm , can  be 
n o n -n eg lig ib le  even when th e  se p a ra tio n  be tw een  th e  dipoles o r u n if  orm ly 
m ag n e tised  elem en ts is re la tiv e ly  la rg e . As a  consequence m ost th e o re tic a l  
w ork  h a s  co n c en tra te d  on a  re la tiv e ly  sm all num ber o f elem ents.
T h eo re tic a l m odeling of p a r tic le s  o f a  s ize  com parab le  w ith  th o se  used in th e  
p re s e n t s tu d y  a re  c u rren tly  being u n d ertak en  by Fredkin  and K oehler. This 
m odel w ill be d iscussed  m ore fu lly  in ch a p te r  8 , by w hich tim e  a ll th e  
ex p e rim en ta l r e s u lts  w ill have been p re sen ted .
R ecen t ex p e rim en ta l s tu d ies  o f sm all m agnetic  e lem en ts have been m o tiv a ted  by 
th e i r  p o te n tia l use a s  m ag n e to res is tiv e  sen so rs  o r d a ta  s to ra g e  e lem en ts. In 
th is  l a t t e r  ca teg o ry , th e  use o f p a r tic le s  w hich can su s ta in  tw o  d if fe re n t  
b u t w ell defined  dom ain s t ru c tu re s  h as led to  w ork  by e.g. Lo e t  a l (1988), 
and  Cosim ini e t  al (1988). In bo th  exam ples a  sense c u r re n t is used  to  
d e te rm in e  th e  change in re s is ta n c e , (R), o f each  s to ra g e  e lem ent a s  th e
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ap p lied  m ag n etic  fie ld , (H), is varied . The q u a n tity  d^R/dH  ^ can  used  to  
in d ica te  th e  m agnetic  s ta te  an  elem ent. E xam ples o f elem ents s u ita b le  fo r  
use a s  s to ra g e  elem ents w ere a lso  given by McVitie and Chapm an (1988), and 
th e  s e t  o f dynam ic ex p e rim en ts  sub seq u en tly  p e r f  orm ed on th e se  a re  
ex ten s iv e ly  d esc rib ed  in ch a p te rs  4 to  6 .
Most o f th e  ex p e rim en ta l s tu d ies  have been p e rfo rm ed  on p a r tic le s  w hich w ere  
f a b r ic a te d  by p h o to lithography  fo llow ed  by vacuum  ev ap o ra tio n  o r s p u t te r  
e tch in g . The lim ited  re so lu tio n  o f th e  p h o to lith o g rap h y  tech n iq u e  r e s t r ic t s  
th e  s iz e  o f th e  p a r tic le s  w hich can  be in v es tig a ted . As a  r e s u l t  m ost have 
th e i r  sm a lle s t in -p lan e  dim ension slOfim, e .g . H u ije r (1979), V ersh in in  
(1982), A rgyle e t  a l (1987), Corb (1988) and R iihrig  (1990). The p a r tic le s  
used  in  th is  s tu d y  can be m ade co n sid erab ly  sm a lle r  (section  3 .3) due to  th e
use o f e le c tro n  beam  lith o g rap h y , w hich h as  a  m uch su p e rio r  re so lu tio n .
S ec tio n s  3 .2  and 3 .3  of th is  c h a p te r  p re s e n t d e ta ils  on th e  choice o f 
p a r t ic le s  u sed  in th is  study  and  th e  fa b r ic a t io n  p ro cess  re sp ec tiv e ly . 
S ec tio n  3 .4  is  devoted to  th e  b as ic  p h y sica l and  m agnetic  c h a ra c te r is a t io n  
o f p a r t ic le s  and  th in  film s.
3 .2  CHOICE OF PARTICLE DIMENSIONS
One of th e  m ain  ob jec tiv es  o f th is  p ro je c t  w as to  in v es tig a te  f u r th e r  th e
in flu en ce  o f a  p a r tic le ’s shape on i t s  dom ain s t ru c tu re  and m agnetic  
behav iou r in th e  p resence o f an  app lied  f ie ld . T his re q u ire s  th a t  a ll th re e  
o f th e  p a r tic le  dim ensions be v aried  independen tly  and sy s tem atica lly . If  we 
co n sid er a  p a r tic le  w ith  in -p lan e  dim ensions Li=L2=4jim am a r ra y  o f p a r tic le s  
in w hich L and  L a re  v aried  in a  su itab le  m anner is shown in fig . 3 .2 . (L
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m ay be v aried  in th e  m eta l deposition  s te p  o f th e  fa b r ic a tio n  p ro cess , as
d e ta ile d  in sec tio n  3 .3 .5 .) The a r ra y  is  sy m m etric  abou t y=x and using  th is  
fe a tu re ,  any an iso tro p y  in tro d u ced  in th e  fa b r ic a tio n  p ro cess  could be 
d e te c te d  in th e  m agnetic behaviour o f p a r t ic le s  o f id en tica l d im ensions m ade 
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Fig. 3.2 Schematic diagram of the pattern used to define PAT1.
ca lled  PAT1, th e  in -p lan e  dim ensions a re  in th e  ra n g e  4 .00pm  to  0 .25pm  w ith  
th e  in -p la n e  a sp e c t ra tio  (R) vary ing  fro m  1 to  16. In o rd e r to  e lim in a te  
in te r - p a r t ic le  in te ra c tio n s , th e  p a r tic le s  had  to  be spaced su ff ic ie n tly  f a r  
a p a r t .  U sing eqns. 2.13, th e  m agnetic  f ie ld  com ponents H and H fro m  a
x y
u n ifo rm ly  m ag n etised  block o f dim ensions L^= 0 .5pm , L = 2pm, L3 = 30nm  and 
PoMg = 1 T, w ere  ca lcu la ted  by McVitie (1988) F rom  th e se  ca lc u la tio n s  i t  w as 
dec ided  th a t  th e  p a r tic le s  should be s e p a ra te d  by a  d is tan ce  o f 2pm. Fig.
3 .2  show s th e  a r r a y  o f p a r tic le s  and th e ir  re la t iv e  spac ing  to  sca le .
3 .3  SPECIMEN PREPARATION
As m en tioned  in sec tio n  3.1, m uch o f th e  ex p e rim en ta l w ork o f o th e r  a u th o rs  
w as concerned  w ith  p a r tic le s  w hose sm a lle s t d im ension is of th e  o rd e r  of 
10pm. P a r t ic le s  m ade by p h o to lith o g rap h y  fo llow ed  by vacuum  ev a p o ra tio n  o r 
s p u t te r  e tch in g  w ere  com pared by Van d e r V oort and  Van den B erg (1984). The 
m a jo r  d if fe re n c e  in th e  m agnetic  behav io r o f th e  p a r tic le s  w as a t t r ib u te d  to  
edge e f fe c ts ,  in troduced  a s  a  consequence o f th e  re so lu tio n  o f th e
p h o to lith o g rap h y  technique. Edge e f f e c ts  w ill be d iscussed  fo r  e le c tro n  beam  
lith o g rap h ica lly  defined  p a r tic le s  in sec tio n  4 .3 .3 . To p roduce sm a lle r 
p a r t ic le s  i t  is n ecessa ry  to  use a  tech n iq u e  w ith  a  much h ig h er re so lu tio n .
E lec tro n  beam  lith o g rap h y  is one m ethod w hich can  produce s t ru c tu re s  w ith
s p a tia l  re so lu tio n s  2:10nm, (Mackie (1984)), a s  w as d em o n stra ted  p rev iously  
(Mackie (1984) and McVitie (1988)). In th e  fo llow ing  sec tio n s  3.3.1 to  3 .3 .6  
a  d e ta ile d  d esc rip tio n  w ill be given o f th e  fa b r ic a t io n  p rocess.
3.3 .1  Si N MEMBRANES
3 4
A sch em a tic  d iag ram  of th e  fa b r ic a tio n  p ro cess  is  show n in fig . 3 .3 . A 2mm
sq u a re  block o f Si, (th ickness 335pm) h a s  a  th in  lay e r o f S i3N4 on i t ’s top  
s u r fa c e , and i t  is th is  m a te r ia l w hich a c ts  a s  th e  su p p o rt m a te r ia l  f o r  th e  
p a r tic le s .  The Si block is th en  back e tch ed  to  rev ea l a  "window" o f S i3N4-
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The w indow is ap p ro x im a te ly  iOO/im sq u are . The choice of su p p o rt m a te r ia l  f or 
th e  p a r tic le s  is p rim a rily  in fluenced  by th e  f a c t  th a t  th e  specim ens a re  to  
be in v e s tig a te d  by 100 to  200kV T ran sm issio n  E lec tro n  M icroscopy (TEM). In 
th is  ca se  th e  to ta l  th ickness of p a r tic le  and su p p o rt m a te r ia l, th ro u g h  which 
th e  e le c tro n s  m u st be tra n sm itte d , m ust n o t exceed  ap p ro x im a te ly  200nm . As 
th e  th ic k e s t  sam ples w ere to  be 95nm, th is  re q u ire d  th e  su p p o rt m a te r ia l  to  
be ^lOOnm. ^ 3^4 one p o ss ib ility  w hich s a t i s f ie s  th is  req u irem en t and  is 
a lso  s tro n g  enough to  w ith s tan d  no rm al hand ling  during  th e  f  a b r ic a tio n  
p ro cess . The m em brane w indow s a r e  f  a b r ic a te d  using a  p ro ced u re
d esc rib ed  by Mackie (1984).
3 .3 .2  DEPOSITION OF RESIST
A r e s i s t  is  a  m a te r ia l  w hich changes i t s  m o lecu la r s t ru c tu re  w hen i t  is 
"exposed" by a  su itab le  sou rce  o f ra d ia tio n . In th is  case, an  e le c tro n  
so u rce  is  used  to  define  th e  p a t te rn ,  and  so th e  r e s is t  m ust be sen s itiv e  to  
e le c tro n s . One p o ss ib ility  is Polym ethyl M eth y lacry la te  (PMMA), w hich has 
been  used  fo r  re so lu tio n  te s ts  in e le c tro n  beam  lith o g rap h y  (Mackie (1984)). 
In f a c t  th e  sy stem  used w as a  com bination  o f tw o  re s is ts ,  having high and low 
m o lecu la r w e ig h ts  (Mackie and Beaum ont (1985)). Use of th e  tw o lay e r sy stem  
p ro d u ces th e  u n d ercu t p ro file , (shown in f ig . 3 .4 ), once the  p a t te rn  has been 
developed and th is  eases th e  l i f t - o f f  s te p  d esc rib ed  in sec tio n  3 .3 .6 . As 
th e  fo cu sed  e lec tro n  beam  im pinges onto  th e  r e s is t ,  th e re  a re  m any e la s tic  
and  in e la s tic  s c a tte r in g  events w hich cause  th e  beam  to  become b ro a d e r. A 
M onte C arlo  s im u la tion  of a  50keV e lec tro n  so u rce  inciden t onto a  2pm th ick  
lay e r o f PMMA on top  of a th ick  Si s u b s tra te  is show n in fig . 3 .5 . A lthough 
th e  beam  sp re ad s  ou t in th e  PMMA lay e r, m ost o f i ts  energy is d ep o sited  in 
th e  s u b s tra te .  It should be no ted  th a t  th e  b roaden ing  o f th e  beam  in th e  
PMMA f u r th e r  e x a g g e ra te s  the  u n d ercu t p ro f ile , f ig . 3 .4 .
The m em branes in itia lly  w ere p ro te c te d  fro m  d u s t and a i r  by a  lay e r of 
r e s is t .  P r io r  to  depositing  th e  e le c tro n  sen s itiv e  re s is t ,  th is  w as rem oved
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Diagram showing the undercut profile which results from 
using two layers of resist.
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F ig .  3 . 5  Monte C a r l o  s i m u l a t i o n  of  50keV e l e c t r o n s  i n c i d e n t  o n to  a
2/am t h i c k  PMMA l a y e r  on to p  o f  a t h i c k  S i  s u b s t r a t e .
by p lac in g  th e  specim en in a  so lu tio n  o f su lp h u ric  perox ide . A fte r  
ap p ro x im a te ly  fiv e  m inu tes th e  sam ple w as rem oved and rin sed  in deion ised  
w a te r  b e fo re  being  blown d ry  using  The n itro g e n  g as  source  w as held  a t  an  
oblique an g le  so th a t  th e  m em branes did n o t b reak .
The la y e rs  o f PMMA w ere  deposited  onto  th e  m em brane using th e  "spinning" 
tech n iq u e . D uring th is  p rocedure  th e  sam ple is  norm ally  held under vacuum  on 
a  ra p id ly  ro ta t in g  chuck. U n fo rtu n a te ly  th e  m em branes would b re ak  i f  th ey  
w e re  to  be held  in th is  w ay, and so th e  sam ple had  to  be held to  th e  vacuum  
chuck by f i r s t  a f f ix in g  th e  sam ple to  a  g la ss  s lide  using double sided  tap e . 
The f i r s t  la y e r  o f PMMA (a so lu tion  o f 4% BDH in xylene, having th e  low er o f 
th e  tw o  m o lecu la r w eigh ts) w as d ropped  onto  th e  sam ple and spun a t  4000  
r .p .m . f o r  th i r ty  seconds. T his re s u lte d  in an  80nm  th ick  lay e r o f r e s is t .  
BDH is  th e  com m ercial nam e fo r  PMMA. The sam ple w as th en  p laced  in  an  oven 
a t  180C f o r  ap p ro x im a te ly  one hour. The second lay e r o f r e s is t ,  having th e  
h ig h e r m o lecu la r w eigh t (2.5% e lv ac ite  in xylene), w as deposited  in a  s im ila r  
m anner, a f t e r  w hich th e  e n tire  sam ple w as ag a in  p laced  in th e  oven, th is  tim e  
f o r  a  m inim um  o f e ig h t hours.
At th is  p o in t th e  specim en m easu red  3cm  by 2cm, and  as  such is too  la rg e  fo r  
use in  e i th e r  th e  TEM o r SEM. In o rd e r  to  p roduce su itab ly  sized  specim ens 
th e  sam ple  had  to  be broken up. T his w as ach ieved  by scrib in g  a  sq u a re  g r id  
in such  a  w ay th a t  when th e  sam ple w as cleaved  along  th e  sc rib e  lines th e  new  
sm a lle r  specim ens w ere  2mm sq u are , w ith  a  m em brane window in th e  c e n tre
o f each . The sm a lle r sam ples a re  su ita b le  fo r  use  in th e  TEM o r SEM and a re  
re ad y  fo r  ex p o su re  o f th e  p a tte rn .
3 .3 .3  EXPOSURE OF THE PATTERN
A p a t te r n  such  a s  th a t  shown in fig . 3 .2 , is  exposed  by scanning a  fo cu sed  
beam  o f e le c tro n s  over th e  specim en in a  u se r  d e te rm in ed  m anner. The beam  of 
e le c tro n s  is produced  using a  m odified  Scanning E lec tro n  M icroscope, SEM, 
w hich, in th is  p ro je c t , w as a  Ph ilips PSEM 500. P a t te rn  g e n e ra tio n  and
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ex p o su re  w ill be d e a lt w ith  s e p a ra te ly  in se c tio n s  3 .3 .5 .1  and 3 .3 .5 .2 .
3 .3 .3 .1  GENERATION OF REQUIRED PATTERN
Once th e  d e s ire d  p a tte rn , e.g . fig . 3 .2 , h as  been decided, i t  is n e c e ssa ry  to  
s to re  th e s e  d a ta  in a  fo rm  w hich can  sub seq u en tly  be recogn ised  by th e  KIM 
m ic ro p ro c esso r w hich co n tro ls  th e  scan  co ils o f th e  SEM. P a t te rn s  w ere
w r i t te n  u sin g  a  s o f tw a re  package developed by Mackie (1984) ca lled  DESIGN o r 
m ore re c e n tly  on th e  com m ercially  av a ilab le  MYCAD. Both p rog ram m es g e n e ra te  
a  f i le  in  w hich th e  co -o rd in a te s  of each  re c ta n g le  is s to re d  using  i ts
to p - le f t ,  b o tto m -r ig h t co -o rd in a te s . Each re c ta n g le  h as  i ts  s ize  s to re d  a s  a  
num ber o f  p ix e ls , and no t as  a  physical leng th , w ith  th e  p o sitio n  o f each
re c o rd e d  re la t iv e  to  a  f ram e  w hich is 4096 by 4096 p ixe ls  sq u a re  w ith  i t s
o rig in  lo ca te d  a t  th e  bo ttom  le f t  co rn e r. D a ta  on th e  exposu re  f o r  each
-2p ix e l is  a lso  s to re d  in th is  f ile , and is  sim ply a  num ber in pC.m s ta t in g
how m uch ch a rg e  m ust be given to  each  p ix e l to  en su re  com plete ex p o su re .
T h is num ber w ill d ire c tly  a f f e c t  th e  "dw ell tim e" -  i.e . th e  am ount o f tim e  
th a t  th e  beam  w ill rem ain  a t  each p ixel po in t.
3 .3 .3 .2  EXPOSURE OF THE PATTERN
T h ere  a r e  tw o  possib le  w ays in w hich a  p a t te r n  can  be exposed. In n o rm al SEM
o p e ra tio n  th e  beam  is unblanked a t  every  ex p o su re  p o sitio n  and hence re q u ire s
in fo rm a tio n  on every  pixel po in t, i.e . w h e th e r i t  should be exposed o r  not. 
C onsequently  th is  involves a high th ro u g h p u t o f in fo rm atio n . An a l te rn a tiv e  
m ethod is  th a t  o f "vector scanning", in w hich th e  beam  is used only to  scan  
th e  a r e a s  re q u ir in g  to  be exposed. This g re a tly  red u ces th e  am ount o f d a ta  
needing  to  be p rocessed , and is th e  m ethod em ployed here .
When exposing  a  p a t te rn  i t  is very im p o rtan t th a t  any h y s te re s is  in th e  scan  
co ils  is  adequate ly  co rrec ted . In c o rrec t scann ing  would lead  to  badly  
d efin ed  p a r tic le s . Two possible m ethods fo r  scann ing  a  p a ir  o f re c ta n g le s
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a re  show n in  f ig . 3 .6 . In fig . 3 .6 (a), th e  beam  m oves fro m  p o sitio n  A, to  
p o s itio n  B, b u t due to  th e  f in i te  tim e  c o n s ta n t o f  th e  scan  co ils, th e  
c o r re c t  y c o -o rd in a te  is approached  only a sy m p to tica lly , re su lt in g  in a  
p a r tic le  w ith  a  badly  defined , o r  rounded  co rn e r. (S harp  c o rn e rs  a re  very  
im p o rta n t, and w ill be d iscussed  in C h ap te r 4 .) In o rd e r  to  overcom e th is  
p rob lem , th e  p a t te rn  should be scanned  as  show n in f ig . 3 .6(b). In th is  w ay 
any skew ing  is  co n ta in ed  w ith in  th e  p a r tic le ,  and  so is  e ffec tiv e ly  m asked.
The p a r t ic le s  d im ensions, as  m entioned b e fo re , a r e  s to re d  as  a  num ber o f 
p ix e ls . The physical s ize of each  p ixel can  be changed by v ary in g  th e
m ag n ific a tio n  o f th e  m icroscope. A ta b le  show ing commonly used va lu es o f
m ag n ifica tio n , f ra m e  and p ixel s ize  is given in ta b le . 3.1. F or PAT1, in 
w hich, f o r  th e  la rg e s t  p a r tic le , L =L2=4jmi, a  m ag n ifica tio n  o f x2500  w as 
used, and  a s  can  be seen from  th e  co rresp o n d in g  fra m e  size  th is  occupies one 
q u a r te r  o f  th e  av a ilab le  a re a  on th e  m em brane. To double th e  in -p lan e  
d im ensions o f th e  p a r tic le s  only re q u ire s  th a t  th e  m ag n ifica tio n  o f th e  SEM
be halved . A lthough th e  above d esc rip tio n  w as concerned  w ith  re c ta n g le s , 
d iam onds and  t r ia n g le s  can  a lso  be scanned  by using  re c ta n g le s  o f in c re a s in g
(a n d /o r  d ec rea s in g ) s ize , as  shown (not to  sca le ) in f ig . 3.7.
3 .3 .3 .3  OPERATING CONDITIONS FOR THE SEM
When scann ing  a  p a t te rn  th e  SEM w as o p e ra te d  a t  50kV, w ith  a  sp o t (probe) 
s ize  o f 8nm. A F arad ay  cup w as s itu a te d  in  th e  v ic in ity  o f th e  specim en in  
o rd e r  th a t  th e  beam  c u rre n t can be m easu red . T his is n ec essa ry  fo r  
c a lc u la tin g  th e  c o r re c t dwell tim e p e r p ixel, in o rd e r  to  g e t com plete  
ex p o su re  o f th e  re s is t .
To m axim ise  th e  use of th e  ava ilab le  space on th e  m em brane, p a t te rn s  should  
be scanned  p a ra lle l to  th e  edges o f th e  m em brane. T his re q u ire s  th a t  th e  x  
and  y ax e s  o f th e  scan  coils be co inciden t w ith  th e  edges of th e  m em brane, 
and  th is  is  achieved sim ply by ro ta t in g  th e  specim en once i t  is inside  th e  




Possible procedure for scanning rectangles 




Diagram which i s  n o t  to s c a l e  showing  how d iam onds  
t r i a n g l e s  a r e  s c a n n e d  u s i n g  r e c t a n g l e s .
















pixel sizes in nm : frame sizes in pm








Table 3.1 Values of pixel and frame size for commonly 
magnification settings.
co n sid ered  a s  th ey  co n tro l th e  s ta g e  m ovem ent, and  th e ir  re la tio n sh ip  w ith  
th e  f ra m e  and  scan  ax es  m ust be ca lc u la ted  w hen scann ing  m ore th a n  one 
p a t te rn .  T h is  p rob lem  is  overcom e by n o tin g  th e  ang le  betw een  th e  fra m e  and 
g o n io m ete r ax e s . Movement p a ra lle l to  th e  edges o f  th e  m em brane w indow  is 
th en  p e rfo rm e d  as  a  com bination  o f £ and £ s ta g e  m ovem ents. In fo rm atio n  on 
th e  p o s itio n  o f each  p a t te rn  is con ta ined  in a  "position  file"  and th is  is 
used  to  gu ide th e  s ta g e  to  th e  c o r re c t  p o sitio n  p r io r  to  scann ing  each  
p a t te rn .  Once th e  re la tio n sh ip  be tw een  th e  th re e  s e ts  o f ax es  h as  been 
d e te rm in ed , th e  e n t ire  p ro cess  is  co n tro lled  by th e  com puter. Only th e  
m ag n ific a tio n  need be changed by th e  u se r.
3 .3 .4  DEVELOPING THE EXPOSED PATTERN
T hose p a r t s  o f th e  r e s is t  exposed to  th e  e le c tro n  beam  a re  rem oved by 
im m ersing  th e  sam ple  in  a  3:1 m ix tu re  o f iso -p ro p y l alcohol (IPA) and  m ethy l 
iso -p ro p y l ketone. The so lu tion  had  p rev iously  been h ea ted  to  23C and  th e  
sam ple  w as  p laced  in  i t  fo r  30 seconds. A fte r  th is  tim e  i t  w as rem oved and  
w ashed  and  r in se d  w ith  f r e s h  IPA, ag a in  f o r  30 seconds. The sam ple w as th en  
blow n d ry  w ith  Nz a t  an  oblique angle.
3 .3 .5  DEPOSITION OF METAL
P erm alloy  o r co b a lt w as ev ap o ra ted  over th e  e n t ire  sam ple under a  vacuum  o f 
<10 6 T o rr . The sam ples w ere fix ed  to  a  m icroscope slide and po sitio n ed  
ap p ro x im a te ly  20 cm d irec tly  above th e  so u rce  o f th e  m etal, w hich i ts e l f  is 
held  in  a  tungsten-m olybdenum  bo at. The sam ple w as p laced  as  close as  
p o ssib le  to  a  q u a r tz  c ry s ta l  on a  copper su p p o rt colum n, w hich w as w a te r  
cooled, to  en su re  th a t  n e ith e r th e  s u b s tra te  n o r th e  c ry s ta l h ea ted  up. The 
l a t t e r  h a s  a  sp ec if ic  re so n an t frequency  w hich is re la te d  to  th e  th ick n ess  of 
m e ta l d ep o sited  on i ts  su rface . By c a lib ra tin g  th e  change in re so n a n t 
freq u en cy  w ith  th ick n ess  of m etal deposited , a s  determ ined  by in te rfe ro m e tr ic
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m ethods, i t  is  po ssib le  to  p re p a re  specim ens w hose th ick n ess  is a c c u ra te ly  
known. D uring  th e  ev ap o ra tio n  p ro cess  i t  w as found  th a t  ev ap o ra tio n  r a te s  o f 
l.O A .sec 1 gave good re s u lts .  F a s te r  ev ap o ra tio n  r a te s  induced s t r e s s  in th e  
m a te r ia l,  and  adhesion  to  th e  s u b s tra te  w as n o t good, McVitie (1988).
3 .3 .6  LIFT-OFF
The m e ta l d ep o sited  in  th e  prev ious s te p  obviously covers th e  e n tire  specim en 
and  is  in d ire c t  c o n ta c t w ith  bo th  th e  Si N and  th e  unexposed re s is t .  To
3 4 K
rem ove th is  l a t t e r  m a te r ia l,  th e  specim en w as p laced  in  acetone. T his h as  
th e  e f f e c t  o f " l if t in g -o f f"  th e  unexposed r e s is t ,  along  w ith  th e  m e ta l w hich  
is  a t ta c h e d  to  i t s  su rfa c e . Once l i f t - o f f  h a s  fin ish ed , th e  sam ple is  r in se d  
in  f r e s h  ac e to n e  and th en  blown dry .
B efore th e  specim en is  p laced  in th e  m icroscope , i t  is  co a ted  w ith  a  th in  
la y e r  (20nm ) o f carbon . This is because S i3N4 is n o t a  good conduc to r and i f  
p laced  d ire c tly  in th e  e lec tro n  m icroscope i t  te n d s  to  ch a rg e  up o r  in  th e  
w o rs t  ca se  could  even b reak .
Some sam p les w e re  a lso  fa b r ic a te d  on so lid  GaAs s u b s tra te s  using th e  above 
p ro ced u re . T hese sam ples, a lthough  no t su ita b le  f o r  an a ly sis  using  TEM, a re  
m uch m ore ro b u s t  and  w ere  analysed  using  oil im m ersion  K err m icroscopy, and 
re s u lts  a r e  p re se n te d  in sec tio n  5.4.
3 .4  BASIC CHARACTERISATION OF THE PARTICLES AND THIN FILMS
3.4.1 BASIC PHYSICAL CHARACTERISATION OF THE PARTICLES
P a r t ic le s  w ere  fa b r ic a te d  as  described  in sec tio n  3 .3 . In o rd e r to  exam ine 
th e ir  shape and m ic ro c ry s ta llin e  fo rm , they  w ere  exam ined  using a  JEOL 1200EX 
CTEM u n d er norm al high m ag n ifica tio n  im aging conditions, (sec tion  2.2). 
Shown in fig . 3 .8  is a  high m ag n ifica tio n  (in focus) im age o f a  4 .0 0  by 




Fig. 3.8 High magnification image of a Ni^ sFei7 particle.
th e  lith o g rap h y  p ro cess  has re su lte d  in very  w ell defined  p a r tic le s . The 
edge d e fin itio n , c a lc u la ted  fro m  th e  v a r ia tio n  in  th e  sp a tia l ex te n t a t  th e  
edge o f th e  sam ple w as found  to  be a t  b e s t lOnm. From  a  high m ag n ifica tio n  
im age fig . 3 .9 (a ) , th e  polycrystalline form can  be seen. in  th e  case  of
perm alloy , th e  c ry s ta l l i te s  w ere found to  have an  av erag e  d iam ete r in th e  
ra n g e  5 to  lOnm. The co b a lt c ry s ta ll i te s  had a  m uch m ore d iverse  ran g e  o f 
s izes  and  shapes, and c ry s ta ll i te s  having c irc u la r  as  w ell as  m ore a c ic u la r  
p ro f ile s  w e re  found , f ig . 3.9(b). The in -p lan e  dim ensions w ere  found  to  be 
in th e  ra n g e  5 to  50nm. In both  cases  th e  values o f c ry s ta ll i te  s izes  a re  in 
ag reem en t w ith  p rev ious re s u lts  fo r  f ilm s ev ap o ra ted  a t  norm al incidence, 
(C hopra (1969) and  T anaka (1985)). U sing se lec ted  a re a  d if f ra c tio n  (SAD) 
p a t te rn s ,  th e  c ry s ta l  s t ru c tu re  o f bo th  m a te r ia ls  w ere  determ ined . A SAD 
p a t te r n  fro m  a  Co p a r tic le  is shown in fig . 3.10, fro m  which i t  w as found  
th a t  c o b a lt had  a  hexagonal close packed s t ru c tu re .  Perm alloy w as fa c e  
c e n te re d  cubic w ith  a  la t t ic e  p a ra m e te r  o f 0.34nm .
L ocal v a r ia tio n s  in th e  c ry s ta l  s t ru c tu re  w ere  a lso  in v estig a ted  by tak in g  
d if f r a c t io n  p a t te r n s  fro m  re la tiv e ly  sm all a re a s  o f th e  p a r tic le s . T his is 
done by se le c tin g  th e  sm a lle s t "spot", o r  so u rce  size , (section  2 .2 .1), and 
th e n  fo cu sin g  th e  inc iden t beam  on th e  specim en p lane. A doubly exposed 
m icro g rap h , f ig . 3.11 gives an ap p ro x im a te  in d ica tio n  o f th e  size o f th is  
so u rce  w hich  w as found  to  be ap p ro x im a te ly  100 + 20nm. Due to  th e  size  of 
th e  beam  w hen i t  is focused  on th e  specim en p lane, d if f ra c tio n  p a tte rn s  fro m  
th e  co n v erg en t beam  can  be used to  study  th e  s t ru c tu re  of re la tiv e ly  sm all 
p a r ts  o f th e  specim en. Using a  convergen t inciden t beam, th e  re su ltin g  
d if f r a c t io n  p a t te rn ,  is shown in fig . 3.12. D iff ra c tio n  p a tte rn s  of th is  
ty p e  w e re  o b ta in ed  fro m  various co b a lt sam ples in  o rd e r to  determ ine any 
local v a r ia tio n  o f th e  c ry s ta l  s t ru c tu re  o r if  any te x tu r in g  w as p re sen t. In 
a ll th e  sam p les, (including those  w ith  m ore ir re g u la r  dom ain s tru c tu re s  
(sec tio n  6 .6 )), no p re fe r r e d  o r ie n ta tio n  o f th e  c -a x is  w as found, and a ll 
sam p les h ad  a  rep ro d u c ib ly  s im ila r m ic ro s tru c tu re .
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Fig. 3.9 High magnification image showing the size and form of the
crystallites from an b) ^ 82 5^ e17 5 particle and a) 
Cobalt particle.
Selected area diffraction pattern from a cobalt particle.
200nm I
Doubly exposed micrograph showing size of source used to 
obtain convergent beam diffraction patterns.
Fig. 3.12 Diffraction pattern obtained from a Cobalt particle using 
the convergent incident beam method.
3 .4 .2 BASIC MACROSCOPIC MAGNETIC CHARACTERISATION OF THIN FILMS
The sam p les w ere  a ll evaporated  a t  norm al incidence in th e  p resence of only a  
sm all re s id u a l fie ld  p re sen t in the  lab o ra to ry . To check if  any an iso tro p y  
w as induced du ring  th e  evaporation  p rocess, ex tensive  th in  film s o f co b a lt
and perm alloy  w ere  p repared . The film s w ere  p re p a re d  under ex ac tly  th e  sam e 
ev ap o ra tio n  cond itions as  w ere used fo r  th e  p a r tic le s . In th is  case  how ever, 
a  c irc u la r  g la ss  d isk o f th ickness 0.15mm and d iam ete r 13mm w as used as  th e  
s u b s tra te .  The g la ss  su b s tra te  w as again  fix ed  to  th e  copper su p p o rt colum n 
to  en su re  th a t  i t  did no t h ea t up.
The m acroscop ic  m agnetic  p ro p e rtie s  of th e  film s w ere  th en  exam ined, a t  th e  
U n iversity  o f R egensburg (Germany), using tw o  techn iques, i) a  v ib ra tin g  
sam ple m agnetom eter (VSM) and ii) m ag n e to -o p tica l (M/O) techniques. The 
fo rm e r  is  w ell docum ented (F landers and Doyle (1962)) and can be used  to  
o b ta in  volum e h y s te re s is  loops from  th in  film s. In -p lane  h y s te re s is  loops 
w ere  o b ta in ed  by applying a  fie ld  along o rthogonal d irec tio n s  th a t  w ere  
ap p ro x im a te ly  aligned  along axes which would have been p a ra lle l to  th o se  th e  
m em brane usually  lay along. The VSM allow s M_, and H^ to  be found. The 
la s t  o f th e se  q u an titie s  is given fo r  th e  tw o  ty p es of film s in tab le  3 .2 .
H y ste res is  loops fro m  VSM m easurem ents ob tained  fro m  co b a lt and perm alloy  
sam ples a re  shown in fig s . 3.13 and 3.14 respectively .
In th e  M/O techn ique the net su rfa ce  m ag n e tisa tio n  from  a c irc u la r  a r e a  
ap p ro x im a te ly  2mm in d iam eter w as ob tained  using a  plane p o larised  la s e r  
beam. The s u rfa c e  m agnetisa tion  causes a  change in th e  angle o f p o la risa tio n  
due to  th e  K err e f fe c t  (section  2.1), w hich can th en  be d e tec ted  using a  
p o la r is a tio n  sp ec tro m e te r. S u rface  h y s te re s is  loops ob ta ined  fro m  applying a 
fie ld  in any d irec tio n  th rough  180° could easily  and rap id ly  be ob tained  in 
o rd e r  to  in v es tig a te  if  a m agnetic easy ax is  ex is ted . In both  th e  co b a lt and 
perm alloy  film s, no easy ax is  was found. H y steresis  loops ob tained  fro m  both
th e  perm alloy  and coba lt sam ples using th is  technique a re  shown in fig s . 3.15
and 3.16 respec tive ly . C oercivities fo r  th e  ev ap o ra ted  th in  film s, ob ta ined
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Fig. 3.13 A hysteresis loop obtained from a 60nm thick NiFe sample 
using the VSM technique.
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Fig. 3.14 A hysteresis loop obtained from a 60nm thick Co sample 
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Fig. 3.15 A hysteresis loop obtained from a 60nm thick NiFe sample 











Fig. 3.16 A hysteresis loop obtained from a 60nm thick Co sample 
using the M-0 technique.
by th e  M/O tech n iq u e  a re  given in tab le  3 .2 . From  th is  tab le , i t  can be seen 
th a t  bo th  th e  VSM and M -0 techn iques gave c o n s is ten t re s u lts ,  and fro m  th e  
M -0 d a ta  no m easu rab le  an iso tro p y  w as induced du rin g  th e  evap o ra tio n  p rocess. 
C om paring f ig s . 3.13 and 3.15, o r 3.14 and 3.16, i t  can  be seen th a t  in 
ad d itio n  to  giving s im ila r  values of coerciv ity , th e  g en e ra l shape of th e  
h y s te re s is  loops, a s  d e term in ed  by e ith e r techn ique , a r e  very  s im ila r.
Each o f th e  values quoted  in ta b le  3 .2  is an  average and w as fo rm ed  by 
o b ta in in g  many h y s te re s is  loops such as  those  shown in f ig s . 3.13 to  
3.16.
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60nm thick Ni Fe








Table 3.2 Values of coercivity Hc (Oe) as measured by the
Vibrating Sample Magnetometer, (VSM), and the 
Magneto-Optic, (M/O), technique. The measurements (a) 
and (b) were taken orthogonally to each other.
CHAPTER 4
FRESNEL IMAGING OF NIg2 s F en  g PARTICLES
4.1 INTRODUCTION
The dom ain s t ru c tu re  of p a r tic le s  o f v a rio u s  s izes  and th icknesses, 
fa b r ic a te d  using  th e  m ethod of ch ap te r 3 , a r e  d esc ribed  in th is  ch ap te r. 
T h ree  d if fe re n t  th ick n esses  of Ni Fe sam ples w ere  in itia lly  exam ined
82.5  17.5 ^  J
in th e i r  a s -g ro w n  s ta te s  and th e  re s u lts  a re  given in sec tio n  4.2. In -s itu  
m ag n etis in g  ex p e rim en ts  w ere  then  p erfo rm ed  on th e  p a r tic le s  and a  se lec tio n  
o f th e  re s u lts  a r e  desc ribed  in sec tion  4 .3 . Section  4 .4  d esc rib es  th e  
rem an en t dom ain s t ru c tu re s  a f te r  th e  p a r tic le s  had been su b jec ted  to  bo th  an  
a .c . d em ag n e tisa tio n  and a  la rg e  s a tu ra tin g  fie ld . F inally  sec tio n  4.5 
su m m arises  th e  m ost im p o rtan t conclusions w hich can be d raw n fro m  th e  in -s i tu  
m agnetising  ex p e rim en ts  and also  h igh ligh ts  some o f th e  d if f ic u ltie s  which 
a re  enco u n te red  w hen using  th e  F resnel mode.
4 .2  AS-GROWN DOMAIN STRUCTURES
The dom ain s t ru c tu re s  of th e  perm alloy sam ples w ere  in itia lly  exam ined in 
th e ir  a s -g ro w n  s ta te .  The investigations on 20 and 60nm  th ick  p a r tic le s  of 
s im ila r  in -p lan e  dim ensions, perfo rm ed  by McVitie (1988) served  as  a  very 
u sefu l re fe re n c e  w ith  w hich th e  a s-g ro w n  s ta te s  could be com pared. The 
rep ro d u c ib ility  o f th e  a s-g ro w n  domain s t ru c tu re s  w ith  those  re p o rte d
previously  w as very  good and th e  s tru c tu re s  found in 17, 60 and 95 nm th ick
p a r tic le s  a r e  d esc rib ed  in sec tions 4.2.1 to  4 .2 .3  respective ly .
4.2.1 17nm THICK PARTICLES
F resne l im ages and schem atic  d iagram s of th e  a s-g ro w n  dom ain s tru c tu re  of
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various 17nm th ick  p a r tic le s  a re  given in fig . 4.1(a) and (b) respectively . 
It can  im m ediately  be seen th a t  some p a r tic le s  have solenoidal, o r 
f lu x -c lo su re  dom ain s t ru c tu re s  while some of th e  m ore a c ic u la r  p a r tic le s  have 
non-so leno idal dom ain s tru c tu re s .  Those p a r tic le s  w hich a re  found to  have 
solenoidal dom ain s t ru c tu re s  have an in -p lan e  a sp e c t r a tio  (R) less th an  
ap p ro x im a te ly  fo u r . Such p a r tic le s  tend  to  have re g u la r  dom ain s tru c tu re s  
although  th e  dom ain w alls  a re  som etim es curved when th e  p a r tic le  h as  a 
n o n -in te g ra l value o f R, e.g . th e  4 .00  by 3 .00pm  p a r tic le  w hich is denoted 
by * in fig . 4.1(b). P a rtic le s  having an in te g ra l value of R have dom ain 
s t ru c tu re s  w hich co n sis t m ainly o f 90° and 180° w alls , although, in genera l, 
long sec tio n s  o f 180° w all ex tending  along th e  bulk o f any o f th e  p a r tic le s  
a re  n o t commonly found. A negligible am ount o f "rippling" w as d e tec ted  in 
th is  th ick n ess  o f sam ple.
Four d if fe re n t  ty p es  of non-solenoidal s tru c tu re s  w ere  found in p a r tic le s  
w ith  R > 4, and a re  shown in fig . 4.2. It should be no ted  th a t  th e  e sse n tia l 
d iffe re n c e  betw een  th e  fo u r s tru c tu re s  is th e  re la tiv e  d irec tio n s  o f th e  
dom ains m arked  A and A’ a t  th e  end o f th e  p a r tic le  and a lso  th a t  th e  c e n tra l 
dom ain o f a ll th e  p a r tic le s  is m agnetised  p a ra lle l in th e  sam e d irec tio n . 
Domain s t ru c tu re s  o f th e  type shown in fig . 4 .2(a) a re  r e fe r r e d  to  as  type 
11(a), w hile th o se  o f fig . 4.2(b) a re  type 11(b). Types 11(c) and (d) a re  
shown in f ig s . 4 .2(c) and (d) respectively . In a ll cases th e  p a r tic le  
co n sis ts  o f la rg e  c e n tra l domain which is m agnetised  p a ra lle l to  th e  long 
ax is  and a t  each  end is a complex end s tru c tu re  w hich serv es  to  reduce th e  
co n trib u tio n  o f th e  m ag n e to s ta tic  energy to  th e  to ta l  energy  o f th e  p a r tic le . 
(N on-solenoidal s t ru c tu re s  a re  discussed in g re a te r  d e ta il  in sec tio n  5 .4 .3 .)
The le a s t  a c ic u la r  p a r tic le s  having non-solenoidal a s -g ro w n  dom ain s tru c tu re s  
a re  found  to  be 4 by 0.75 (R=5.3), 3 by 0 .50  (R=6 ), 2 by 0 .38  (R=5.3) and 1 
by 0.25pm  (R=4). P a r tic le s  fa b ric a te d  o rthogonal to  each o th e r b u t w ith  th e  
sam e in -p lan e  dim ensions had sim ila r as-g ro w n  s tru c tu re s .
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F ig .  4 .1 ( a )  F re s n e l  im ages show ing th e  a s -g ro w n  dom ain s t r u c t u r e  o f  
v a r io u s  17nm th ic k  p a r t i c l e s .
XFig. 4.1(b) Schematic showing the as-grown domain structure of various






Fig. 4.2 The four different types of non-solenoidal domain 
structures which are found.
4.2 .2 . 60nm  THICK PARTICLES
The a s -g ro w n  dom ain s t ru c tu re s  o f 60nm th ick  p a r tic le s  a re  show n in fig . 4 .3 . 
In a  s im ila r  m an n er to  th e  th in n e r  sam ples, som e p a r tic le s  w e re  found  to  have 
so lenoidal dom ain s t ru c tu r e s  w hile o th e rs  had  no n -so len o id a l fo rm s. The 
change in  th e  fo rm  o f th e  a s -g ro w n  dom ain s t ru c tu re  w as aga in  found to  occu r 
w hen R = 4.
All p a r tic le s  w ith  R s  4 had  so lenoidal dom ain s t ru c tu re s  a lthough  in
c o n tra s t  to  th e  17nm th ick  sam ple, no curved  w a lls  w ere  found in th o se
p a r tic le s  having  R *  Z, w here  Z deno tes any in teg e r . In stead , th e se
p a r tic le s  had  a  s h o r t  len g th  o f 180° c ro s s - t ie  w all, and  th e  dom ain s t ru c tu re  
co n sis ted  e n tire ly  o f 90° and  180° w alls. A lm ost a ll o f th e  p a r tic le s  w hich 
had  in te g ra l  values o f R 4) had  dom ain s t r u c tu r e s  co n sis tin g  e n tire ly  o f
90° w a lls . Long sec tio n s  o f 180° c ro s s - t ie  w a lls  w e re  n o t g en e ra lly  found  in 
th e  a s -g ro w n  s t a t e  o f any o f th e  p a r tic le s . F rom  an a ly s is  o f th e  so leno idal 
as -g ro w n  dom ain s t ru c tu r e s  o f R ^  4 p a r tic le s , McVitie (1988) concluded th a t ;
2 VZ o' (60) ^  cr (60) (4.1)
90 180
w here  (Mj) is th e  dom ain w all energy  p e r u n it a r e a  in a  sam ple o f th ick n ess  
"j" nm, in w hich th e  m ag n e tisa tio n  v ec to r r o ta te s  by "i" d eg rees  a c ro ss  th e  
dom ain w all. E x p erim en ta l evidence provided by th e  sam ples g row n in th is  
p ro je c t  su p p o rt th is  s ta te m e n t.
P a r tic le s  having R > 4 had  type II a s-g ro w n  dom ain s tru c tu re s .  All o f th e
type  II s t r u c tu r e s  o cc u rre d  and th e re  w as no p re fe re n c e  fo r  th e  c e n tra l
dom ain o f th e se  p a r tic le s  to  be m agnetised  along one p a r tic u la r  d irec tio n . 
Again p a r tic le s  having s im ila r  in -p lan e  d im ensions, b u t fa b r ic a te d
orth o g o n ally  to  each  o th e r  d isp layed  s im ila r a s -g ro w n  dom ain s tru c tu re s .
45
|  2 fun |
X
Fig. 4.3 Schematic showing the as-grown domain structure of various 
60nm thick particles.
4 .2 .3 . 95nm THICK PARTICLES
The a s -g ro w n  dom ain s t r u c tu r e s  o f vario u s 95nm th ick  p a r tic le s  a re  shown in 
fig . 4 .4 . The change fro m  so lenoidal to  no n -so len o id a l a s -g ro w n  s tru c tu re s  
ta k e s  p lace  w hen th e  in -p lan e  a sp ec t r a t io  exceeds ap p ro x im a te ly  8. 
P a r tic le s  w ith  R < 8, R = Z, ex h ib ited  ex trem ely  re g u la r  dom ain s t ru c tu re s  
w hich co n sis ted  e n tire ly  o f 90° w alls. An in te re s tin g  po in t to  no te  is th a t  
th e  dom ain s t r u c tu r e  o f  th e  4 .0 0  by 2 .00pm  p a r tic le ,  in d ica ted  by A on fig .
4 .4 , has bo th  90° and 180° w alls . This type o f s t r u c tu r e  h as  been observed 
in p a r tic le s  f a b r ic a te d  fro m  a lte rn a te  lay e rs  o f iro n  and  perm alloy , in w hich 
th e  ind ividual la y e rs  w e re  6 .4  and 3.2nm  th ick  re sp ec tiv e ly , w ith  th e  to ta l  
th ick n ess  equal to  0 .27pm , (R uhrig  (1989)). In th o se  p a r tic le s  w ith  R < 8, R 
*■ Z, no curved  dom ain w a lls  w ere  observed , and  th e  dom ain s t ru c tu re s  
co n sis ted  o f only 90° and  180° w alls . C ro s s - tie s  w e re  observed  in som e of 
th e  180° w a lls , a lth o u g h  in a  s im ila r  m anner to  th e  p rev ious exam ples, long 
sec tio n s  o f 180° w a lls  w e re  no t found. Guided by th e  ex p e rim en ta l evidence, 
(fig . 4 .4 ), i t  a p p e a rs  th a t  th e  leng th  o f 180° w a ll w hich is  p re se n t in th e  
a s -g ro w n  s t a t e  is  g en e ra lly  th e  s h o r te s t  possib le .
P a r tic le s  w ith  R > 8 w e re  found to  have n o n -so len o id a l a s -g ro w n  dom ain 
s t ru c tu re s ,  and a ll ty p e  II s t ru c tu re s  w ere  found.
4 .2 .4 . SUMMARY
In a ll th re e  th ick n esses  o f p a r tic le s  d esc rib ed  in sec tio n s  4.2.1 to  4 .2 .3 ,
tw o  d if fe re n t  ty p es  o f a s -g ro w n  dom ain s t ru c tu re s  w e re  possib le ; so lenoidal
and non-so len o id a l. W ithin th e  ran g e  o f in -p lan e  d im ensions p re sen ted , th e
tra n s i t io n  fro m  so leno idal to  non-so leno idal a s -g ro w n  s t ru c tu re s  ta k e s  p lace
a t  a  sp ec if ic  value o f R w hich, a lthough vary ing  w ith  th ick n ess , does no t
ap p ea r to  depend s ig n ific an tly  on th e  physical value o f th e  in -p lan e  
*dim ensions. R (t) is defined  as  th e  value of R a t  w hich th e  tra n s i t io n  from  
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1.4 Schematic showing the as-grown domain structure of various
95nm t h i c k  p a r t i c l e s .
t . A fte r  an a ly sin g  v a rio u s  sam ples, i t  w as fo u n d  th a t  th e  a s -g ro w n  
s t ru c tu re s  o f a ll th e  p a r tic le s  w ere  in g en e ra l h igh ly  rep ro d u c ib le , w ith  th e
only ex cep tio n s o cc u rrin g  a t  th o se  p a r tic le s  w hose value o f R w as close to
* *R (t) . P a r t ic le s  having  an  in -p lan e  a sp e c t r a t io  c lose  to  R (t) w ere  found
in e i th e r  so leno idal o r no n -so len o id a l a s -g ro w n  fo rm s.
4.3 IN-SITU MAGNETISING EXPERIMENTS ON 60nm THICK Ni00 .Fe,. .
sz.b 17. b
PARTICLES
The aim  o f th is  sec tio n  is  to  d esc rib e  how v a rio u s  d if f e re n t  so lenoidal 
dom ain s t r u c tu r e s  r e a c t  u n d er th e  in fluence o f an  app lied  f ie ld . The 
p o te n tia l choice o f s ize , th ick n ess  and fo rm  o f th e  p a r tic le s  and  dom ain 
s t ru c tu re s  is overw helm ingly  la rg e . To ease  th e  com parison  betw een  p a r tic le s  
having d if f e re n t  in -p lan e  a sp e c t r a t io s  and dom ain s t ru c tu re s ,  only 60nm  
th ick  p a r tic le s  having  so leno idal dom ain s t ru c tu re s  a re  d esc rib ed  in th is  
sec tion . The in - s i tu  ex p e rim en ts  p e rfo rm ed  on 17 and 95nm th ick  p a r tic le s  
a r e  d esc rib ed  in  d e ta il  in sec tio n s  5.3.1 and 5 .3 .3 . I t  should be no ted  th a t  
th e  m axim um  value o f f ie ld  w hich can be app lied  in - s i tu  to  th e  p a r tic le s  is 
m uch below  th a t  re q u ire d  to  s a tu ra te  th e  p a r tic le . S ection  4.3.1 p re se n ts  
re s u lts  fro m  p a r tic le s  having solenoidal a s-g ro w n  dom ain s tru c tu re s ,  in w hich 
th e  app lied  f ie ld  w as p a ra lle l to  th e  long (easy) ax is  o f th e  p a r tic le . 
S ection  4 .3 .2  d e sc rib e s  th e  e f f e c t  of f ie ld s  w hich have been d ire c te d  along 
th e  h a rd  ax is , i.e . p a ra lle l to  th e  sh o rt ax is  o f th e  p a r tic le . In both
cases , th e  f ie ld  w as a ligned  to  an  accu racy  o f + 5°. The long and s h o r t  ax es  
o f th e  p a r tic le  a re  te rm e d  easy  and h a rd  fro m  m a g n e to s ta tic  co n sid era tio n s . 
They should  n o t be con fused  w ith  easy  o r h a rd  an iso tro p y  axes.
4.3.1 IN-SITU APPLICATION OF AN EASY AXIS FIELD
The re s u lts  p re sen ted  in th is  sec tion  apply only to  60nm  th ick  Ni Fe 
p a r tic le s  e x is tin g  in so lenoidal a s-g ro w n  dom ain s tru c tu re s .  As s ta te d  in
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sec tio n  4 .2 .2 , th e  dom ain s t r u c tu r e s  o f p a r tic le s  having  an  in te g ra l  value o f 
R co n sis ted  a lm o st e n tire ly  o f 90° w alls , w hile  th o se  w ith  n o n -in te g ra l
values had  b o th  90° and  180° w alls. The e f fe c t  o f  apply ing  an  easy  ax is
f ie ld  in - s i tu  to  p a r tic le s  having  in te g ra l and n o n - in te g ra l  values o f R a re
d iscussed  s e p a ra te ly  in se c tio n s  4.3.1.1 and 4 .3 .1 .2  re sp ec tiv e ly .
4.3.1.1 INTEGRAL ASPECT RATIO PARTICLES
The s im p le s t s t r u c tu r e  w hich w as analysed  w as th a t  d isp layed  by a  sq u are  
p a r tic le . A s e r ie s  o f F resn e l im ages o f a 4pm  sq u a re  p a r tic le  tak en  a t  
d i f fe re n t  va lu es o f ap p lied  f ie ld  a re  shown in f ig . 4 .5 . As exp lained , in
sec tio n  2 .2 .2 , in  th is  m ode dom ain w a lls  a re  rev ea led  a s  lig h t and d a rk  lines 
w ith  th e  in te n s ity  and  d iffu se n e ss  o f th e  lines g iving an  in d ica tio n  o f th e  
m agnitude o f th e  in -p lan e  ro ta t io n  and also  th e  angle o f ro ta t io n  o f th e
m ag n e tisa tio n  a c ro s s  th e  dom ain w all.
By ana lysing  th e  s e r ie s  o f F resn e l im ages in  f ig . 4 .5 , i t  is possib le  to
deduce th e  ap p ro x im a te  d ire c tio n s  o f m ag n e tisa tio n  w ith in  each  o f th e
dom ains, and  th e  re s u lt in g  sch em atic  is given in f ig . 4 .6 . From  fig . 4 .6 , i t
can  be seen  th a t  th e  a s -g ro w n  dom ain s t ru c tu re  o f th e  4pm sq u a re  p a r tic le
co n sis ts  only o f 90° w a lls  w hich ex tend  in to  th e  c o rn e rs  o f th e  p a r tic le .
(Such a  s t r u c tu r e  is p re d ic te d  by th e  a lg o rith m  d esc rib ed  in sec tio n  1.4.2.)
As th e  app lied  f ie ld  ( H ) is increased , th e  dom ain w hich is m agnetised
   e x t
p a ra lle l to  th e  app lied  f ie ld  g row s a t  th e  expense of th e  o th e rs . As th e  
Bloch line a t  A is fo rced  c lo se r to  th e  edge o f th e  p a r tic le , th e  dom ain
w alls  can be seen  to  bend. I t  should be noted  in f ig . 4 .6 (d ), th a t  th e  w alls 
m arked  B and B’ a re  in itia lly  s tra ig h t  and th e  curv ing  is m ost pronounced 
close to  th e  Bloch line, (A). At a sp ec ific  value o f app lied  f ie ld  a  sh o rt 
leng th  o f ap p ro x im a te ly  180° c ro s s - t ie  w all is in troduced , as  show n in fig .
4 .6(e). (T hat th is  180° w all is a  c ro s s - t ie  w all is to  be expected  from  the  
th ick n ess  o f th e  p a r tic le .)  The angles m arked CDE and C’D’E’ in fig . 4 .6(e) 
a re  now ap p ro x im a te ly  90°. F u rth e r  in crease  in th e  m agnitude of th e  applied
48
F i g .  4 . 5  S e r i e s  o f  F r e s n e l  im a g es  o f  a  4 . 00pm  p a r t i c l e  o b t a i n e d  a t  

















Fig. 4.6 Schematic diagrams showing the approximate directions of 
the magnetisation in each domain, as deduced from fig.
4.5.
fie ld  cau ses  th e  len g th  o f th e  c ro s s - t ie  w all to  in c re a se  a s  i t  is  driven
c lo se r to  th e  edge o f th e  p a r tic le . T his re ta in s  th e  an g les CDE and C’D’E’ 
a t  ap p ro x im a te ly  90°. As th e  c ro s s - t ie  w all is fo rc e d  c lo se r to  th e  edge of 
th e  p a r tic le  th e  d en sity  o f c ro s s - t ie s  in c reases , and th e  c r o s s - t ie  w all 
i t s e l f  s t a r t s  to  bend, re s u lt in g  in i ts  m id -po in t being c lo se r to  th e  edge
of th e  p a r tic le ,  f ig . 4 .6(g). From  th is  po in t i t  would be ex p ected  th a t  
f u r th e r  in c re a se  in th e  m agnitude of th e  app lied  f ie ld  w ould d rive  th e  
c ro s s - t ie  w a ll in to  th e  edge o f th e  p a r tic le . However, a t  th e  n ex t 
o b serv a tio n  p o in t th e  w all has co llapsed  and th e  re s u lt in g  s t r u c tu r e  is as
shown in fig . 4 .6 (h ). R eduction  o f th e  applied  f ie ld  to  ze ro  re s u lts  in a  
rem an en t dom ain s t ru c tu re ,  fig . 4.6(1), w hich is id en tica l to  th e  s ta r t in g
co n fig u ra tio n . No d if fe re n c e s  w e re  observed  w hen th e  f ie ld  w as re v e rsed .
The sch em atic  d iag ram s o b ta in ed  fro m  a 3pm sq u a re  p a r tic le  a re  show n in fig . 
4.7. The dom ain w a lls  move in a s im ila r m anner to  th e  4pm sq u a re  p a r tic le , 
and in g e n e ra l b o th  p a r tic le s  show s im ila r behaviour; in p a r tic u la r  th e  
in tro d u c tio n  o f th e  s h o r t  leng th  of c ro s s - t ie  w a ll is ev iden t, a s  is th e  
re fo rm a tio n  o f th e  s ta r t in g  dom ain s t ru c tu re  upon re d u c tio n  o f th e  applied  
f ie ld  to  ze ro .
C om paring th e  dom ain s t ru c tu re  o f th e  3 .00pm  sq u a re  p a r tic le  a t  4.0kA.m  1
durin g  th e  in c re as in g  and d ec reasin g  cycles, f ig s . 4 .7(c) and (g), i t  can be 
seen  th a t  th e re  is a  c e r ta in  am ount of h y s te re s is  in th e  p ro cess , w hich (from  
fig . 2 .7), is n o t due to  th e  m agnetising  s tag e . I t  should  be no ted  th a t  th e  
high d en s itie s  o f c ro s s - t ie s  found  in th e  in creas in g  cycle a re  n o t found in
th e  d ec reas in g  cycle.
One p a r tic le  w hich h as  an  in teg ra l asp ec t ra tio ,  b u t w hich behaves very 
d if fe re n tly  fro m  th e  prev ious tw o  is th e  4 .0 0  by 2 .0 0  pm p a r tic le . The 
re s u lts  o b ta in ed  fro m  th e  in - s i tu  experim en ts  p e rfo rm ed  on th is  p a r tic le  a re  
d esc rib ed  below  and a re  shown in fig s . 4 .8  and 4.9.
An im p o rtan t d is tin c tio n  betw een  th is  p a r tic le  and th e  sq u a re  p a r tic le s
described  above is th a t  th is  p a r tic le  has tw o edge c lu s te rs  w hich a re  denoted 










Fig. 4.7 Schematic diagrams showing the approximate directions of 
the magnetisation in each domain as deduced from the 




Mg. 4 .8 I i esncl images from a 4.00 by 2.0pm, 60nm thick particle.
kA
Schematic diagrams showing the approximate directions of 
the magnetisation in each domain as deduced from the 
Fresnel images of a 4.00 by 2.00|im, 60nm thick permalloy
c lu s te rs .  T his f e a tu r e  p ro v es  im p o rtan t because th e  edge c lu s te r s  a r e  found 
to  be ab le  to  move along  th e  edge o f th e  p a r tic le  w h e reas  c o rn e r  c lu s te rs  a re  
by n a tu re  p inned in th e  co rn e r. As H is in c reased  th e  m ovem ent o f the
 ex t
edge c lu s te rs  can  be m ost c lea rly  seen in f ig s . 4 .9(b) to  (f) and th is  
m ovem ent h as  th e  e f f e c t  o f m ain ta in in g  th e  an g les CDE and  CD’E in e .g . fig . 
4 .9(e) a t  ap p ro x im a te ly  90°. As th is  angle is kep t a t  ap p ro x im a te ly  90°, th e  
in tro d u c tio n  o f len g th s  o f 180° w all a t  B a n d /o r  B’ (fig . 4 .9 (f)) is  delayed, 
and in som e p a r tic le s  m ay even be to ta lly  avoided. In sq u a re  p a r tic le s , 
w hich have no edge c lu s te rs ,  th e  ang les CDE and C’D’E’ (fig . 4 .6 (e)) a re  kept 
a t  ap p ro x im a te ly  90° by th e  in tro d u c tio n  and su b seq u en t m otion o f th e  180° 
w all. Once th e  len g th  o f c r o s s - t ie  w all has been fo rc e d  in to  th e  edge o f th e  
p a r tic le , end c lo su re  s t r u c tu r e s  s im ila r  to  th o se  observed  in non-so leno idal 
s t ru c tu re s  and e .g . f ig . 4 .7(e) a re  seen. Upon re d u c tio n  o f th e  applied  
f ie ld  to  ze ro  th e  re m a n en t dom ain s t ru c tu re  is id en tic a l to  th e  s ta r t in g  
co n fig u ra tio n , a lth o u g h  a s  can  be seen fro m  fig s . 4 .9(d) and  (1), th e re  is  a  
s lig h t am ount o f h y s te re s is  in th e  p rocess.
4 .3 .1 .2  PARTICLES HAVING NON-INTEGRAL VALUES OF R
In th e  60nm  th ick  p a r tic le s  w hich have n o n -in te g ra l values o f R, a  sh o rt 
leng th  o f 180° c r o s s - t ie  w all is  p re se n t in th e  a s -g ro w n  s ta te .  Fig. 4.10 
show s th e  e f f e c t  o f an  app lied  fie ld  to  a  4 .0 0  by 3 .00pm  p a r tic le .  This 
p a r tic le  show s som e c h a ra c te r is t ic s  w hich sire s im ila r  to  th o se  d isp layed  by
th e  sq u a re  p a r tic le s  d iscussed  in sec tion  4.3.1.1. In a  s im ila r  m anner to  
fig s . 4 .6  and 4.7, a s  th e  c ro s s - t ie  w all is fo rc e d  c lo se r to  th e  edge o f th e  
p a r tic le , th e  d en sity  o f th e  c ro s s - t ie s  in c reases , and aga in  th e  w all bends 
to w a rd s  th e  side  o f th e  p a r tic le . A fte r th e  c ro s s - t ie  w all co llap ses, fig .
4.10(e), th e  dom ain s t ru c tu re  is in f a c t  very  s im ila r  to  f ig . 4.6(h) and
4.7(e). R eduction o f th e  app lied  fie ld  to  ze ro  re s u lts  in a re m a n en t dom ain
s tru c tu re  w hich is id en tica l to  th e  s ta r t in g  dom ain co n fig u ra tio n , although 









Fig. 4.10 T he  sc h e m a tic  d ia g ra m s  o f  th e  a p p ro x im a te  d i r e c t io n s  o f  
m a g n e tis a t io n  d ed u ced  f ro m  th e  F re s n e l  im ag es o f  a 4 .0  by  3 .0pm  





h y s te re s is  in th e  p ro cess . I t  should  be no ted  th a t  n e ith e r  th is  p a r tic le  no r 
th e  sq u a re  p a r tic le s  d e sc rib ed  in sec tio n  4.3.1.1. have edge c lu s te rs  in
th e i r  a s -g ro w n  s ta te s .
4 .3 .2  HARD AXIS IN-SITU MAGNETISING EXPERIMENTS
The p a r tic le s  d esc rib ed  in sec tio n  4.3.1 w ere  a lso  su b jec te d  to  an  applied
fie ld  d ire c te d  along th e  h a rd  ax is . As in th e  p rev ious sec tio n  th e  re s u lts
fro m  p a r tic le s  having in te g ra l  a sp e c t r a tio s  a re  d iscu ssed  s e p a ra te ly  fro m  
th o se  having n o n -in te g ra l values. All th e  re s u lts  w ere  ag a in  o b ta in ed  using 
th e  F resn e l mode, and  sch em atic  d iag ram s show ing th e  ap p ro x im a te  d irec tio n s  
o f _M_ a re  given fo r  v a rio u s  p a r tic le s .
4 .3 .2 .1  INTEGRAL ASPECT RATIO PARTICLES
The sch em atic  d iag ram s in d ica tin g  th e  ap p ro x im ate  d ire c tio n s  o f m ag n e tisa tio n  
w hich w e re  deduced fro m  th e  F resn e l im ages o f a  4 .0  by 2 .0pm  p a r tic le  a re  
show n in fig . 4.11. In th is  p a r tic u la r  case  th e  f ie ld  is app lied  p a ra lle l  to
th e  c e n tra l  dom ain and a lso  to  th e  sh o r t  ax is  o f th e  p a r tic le .
From  fig . 4.11(a), th e  a s -g ro w n  dom ain s t ru c tu re  co n s is ts  e n tire ly  o f 90° 
w alls. As th e  m agnitude o f th e  applied  fie ld  is in c reased , th e  Bloch lines, 
A and A’ (fig . 4.11(b)) a re  fo rced  fu r th e r  a p a r t ,  and  move to w a rd s  th e  s h o rt 
edges o f th e  p a r tic le . The edge c lu s te rs  (B and B’) do n o t move 
s ig n ific an tly , and th is  h as  th e  e f fe c t  of m aking ang les CDE and CD’E ’ in fig . 
4.11(c) s ig n ific an tly  less  th a n  90°. As would be ex p ected  fro m  th e  behaviour 
o f th e  p a r tic le s  d esc rib ed  in sec tio n  4.3.1 a leng th  o f 180 is  in tro d u ced  to  
overcom e th is  e f fe c t,  a s  show n in fig . 4.11(d). The m axim um  fie ld  ava ilab le  
u sing  th e  m ag n etisin g  s ta g e  is in su ffic ie n t to  d rive  th e  c ro s s - t ie  w all any 
f u r th e r  th a n  in d ica ted  in fig . 4.11(e). As th e  f ie ld  is d ec rea sed  to  zero , 
aga in  th e re  is a  c e r ta in  am ount of h y s te re s is , (e.g. fig s . 4.11(d) and (f)), 















Fig. 4.11 Schematic diagrams showing the approximate directions of





re d u c tio n  o f th e  f ie ld  to  ze ro .
Shown in fig . 4.12 a r e  th e  r e s u l ts  o b ta ined  fro m  th is  p a r tic le  w hen th e  fie ld  
is  app lied  a n t i -p a ra l le l  to  th e  c e n tra l  dom ain. In th is  ca se  th e  Bloch lines 
(A and  A’ in f ig . 4.12(a) ) a r e  fo rced  c lo ser to g e th e r . A lthough th e  fie ld  
h as  been a ligned  to  + 5°, i t  is found th a t  a t  la rg e  values o f app lied  f ie ld , 
each  Bloch line m oves to w a rd s  an  edge c lu s te r  on opposite  edges o f th e
p a r tic le ,  a s  show n in f ig . 4.12(e). R eduction o f th e  f ie ld  to  z e ro  re fo rm s  
th e  s ta r t in g  dom ain s t ru c tu re ,  a s  h as  been found  fo r  a ll th e  p a r tic le s
d esc rib ed  so f a r .
4 .3 .2 .2  NON-INTEGRAL ASPECT RATIO PARTICLES
Common to  a ll o f th e  p a r tic le s  to  be d escribed  in th is  sec tio n  is  a  s h o r t  
len g th  o f c ro s s - t ie  w all. Fig. 4.13 shows th e  e f f e c t  o f an  app lied  (h a rd
ax is) f ie ld  to  a  3 .0 0  by 1.6pm p a r tic le  w hich h as  a  s h o r t  len g th  o f 180° 
c r o s s - t ie  w all co n ta in in g  2 c ro s s - t ie s .  As th e  value o f th e  ap p lied  f ie ld  is 
in c re ased , one o f th e  end dom ains g row s a s  expected . As th is  happens th e  
Bloch lines and  c r o s s - t ie s  m aking up th e  180° w all a r e  f  o rced  c lo se r 
to g e th e r , fig . 4.13(b). The c ro s s - t ie  i ts e lf  can a lso  be seen to  bend, w ith
i ts  fo cu s on th a t  side o f th e  p a r tic le  having th e  la rg e r  dom ain. At a
sp ec if ic  value o f app lied  f ie ld , one of th e  c ro s s - t ie s  m erges w ith  a Bloch
line, and th e  re s u lt in g  s t ru c tu re  is as  shown in fig . 4.13(c). Once a ll th e
c ro s s - t ie s  have ceased  to  e x is t,  fig . 4.13(e), th e  dom ain w a lls  a r e  found to
m eet a t  po in t A, b u t no Bloch line can be d e tec ted  u n til p o in t B. Hence i t  
w ould ap p ea r th a t  th e re  is a  s h o rt length  of ap p ro x im a te ly  a  180° w all
p re se n t in th e  p a r tic le  in fig . 4.13(e).
I t  should  be no ted  th a t  th e  a s-g ro w n  domain s t ru c tu re  o f th e  3 .0 0  by 1.6pm 
p a r tic le  d esc rib ed  in f ig . 4.13, has an odd num ber o f Bloch lines. D uring
th is  p a r t  o f th e  in -s i tu  ex p e rim en ts  perfo rm ed  on th is  p a r tic le , only dom ain 
s t ru c tu re s  com prising  an odd num ber of Bloch lines w ere  found. T his w ould be








Fig. 4.12 Schematic diagrams showing the approximate directions of
















Fig. 4.13 Schematic diagrams showing the approximate directions of 
the magnetisation in each domain as deduced from the 
Fresnel images of a 3.0 by 1.6fim, 60nm thick permalloy 
particle.
o f th e  c r o s s - t ie  w all. As th e  m agnitude o f th e  app lied  f ie ld  is  in creased , 
th e  change in th e  re la t iv e  sp ac in g  o f th e  c ro s s - t ie s  can  a lso  be exp la ined  by 
exam ining  th e  d ire c tio n s  o f M close to  th e  w all i t s e l f ,  a s  shown 
sch em atica lly  in f ig . 4.14(a) and (b). An applied  f ie ld  is p re se n t in (b). 
From  fig . 4.13(d) i t  can  be seen  th a t  th e  m obility  o f th e  dom ain w alls  
f u r th e r  aw ay fro m  th e  m ain  body o f th e  w all in c re a se s  a s  th e  d is tan ce  from  
th e  w all in c re ases , and hence th e  w all bends. All p a r t ic le s  w hich have
c r o s s - t ie s  in th e ir  a s -g ro w n  dom ain s t ru c tu re  ex h ib it th is  ty p e  o f behaviour. 
Two exam ples a re  show n in f ig . 4.15 and 4.16. in w hich bo th  p a r tic le s  have a  
sh o r t  len g th  o f 180° c r o s s - t ie  w all.
4 .3 .3  IN-SITU EXPERIMENTS ON IRREGULAR DOMAIN STRUCTURES
In c e r ta in  c ircu m stan ces , i t  w as found  th a t  som e of th e  p a r tic le s  had 
s lig h tly  m ore i r re g u la r  dom ain s t ru c tu re s  th an  w ould n o rm ally  be expected . 
One o f th e  m ore common exam ples o f th is  is show n in f ig . 4.17, w hich
i l lu s t r a te s  th e  e f f e c t  o f a  rounded  co rn e r on th e  dom ain s t r u c tu r e  o f a
3 .00/im  sq u a re  p a r tic le . From  fig . 4.17 i t  can be seen th a t  th e  90° w all,
w hich w ould be ex p ec ted  to  ex ten d  in to  th e  co rn e r o f th e  p a r tic le ,  is found 
to  "sp lit"  and fo rm  tw o  45° w alls , as shown in th e  schem atic  o f f ig . 4.18(a). 
By exam ining  th e  d ire c tio n s  o f th e  com ponents o f M norm al to  th e  w alls  
m arked  A,B and C in fig . 4.17, i t  is bo th  expected  and observed  th a t  no Bloch 
line should e x is t  a t  th e  p o in t w here  th e  w all sp lits .
The sch em atic  d iag ram s o b ta in ed  fro m  F resnel im ages tak en  d u rin g  th e  in -s itu  
m ag n e tisa tio n  o f th is  p a r t ic le  a re  shown in fig . 4.18. The g en e ra l behaviour 
o f th is  p a r tic le  is very  s im ila r  to  th a t  o f a  re g u la r  sq u a re  p a r tic le ,  e.g. 
fig . 4 .6 , w hich h as only 90° w alls . Once again  i t  is found th a t  a  leng th  of 
180° c ro s s - t ie  w all is in tro d u ced , and th a t  high d en s itie s  o f c ro s s - t ie s  a re  
p re se n t ju s t  p r io r  to  th e  w all being driven in to  th e  side o f th e  p a r tic le . 
Upon red u c tio n  o f th e  fie ld  to  ze ro , th e  rem anen t dom ain s t ru c tu re  is ex ac tly  
th e  sam e as th e  s ta r t in g  co n fig u ra tio n , and th e  tw o 45 w alls  a re  ag a in  found
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Fig. 4.14 (a) Schematic diagram showing the central portion of 
180° cross-tie wall of the 3.0 by 1.6jjm particle, 




















Fig. 4.15 Schematic diagrams showing the approximate directions of 
the magnetisation in each domain as deduced from the 
Fresnel images of a 4.0 by 1.5pm, 60nm thick permalloy














Fig. 4.16 Schematic diagrams showing the approximate directions of 
the magnetisation in each domain as deduced from the 






4 .1 7  F r e s n e l  im ag es  o f  a  3 .00pm  p a r t i c l e  w h ich  h a s  a  s l i g h t l y








Fig. 4.18 Schematic diagrams showing the approximate directions of 
the magnetisation in each domain as deduced from the 
Fresnel images of a 3.0/jm square particle.
to  be p re sen t.
But on fig . 4.18, one im p o rta n t f a c t  w hich should be no ted  is  th e  lack  o f 
m ovem ent o f th e  dom ain w all a t  B. T hroughout th e  cycle, i t  a p p e a rs  th a t  th is  
dom ain w all is  "pinned" a t  th e  p o in t w hich is a t  th e  lim it o f  th e  rounded 
sec tio n  o f th e  co rn e r and  a c ts  m ore like a  co rn e r, r a th e r  th a n  an  edge, 
c lu s te r .
Shown in fig . 4.19 a re  th e  sch em atic  d iag ram s o b ta in ed  fro m  in -s i tu  
ex p e rim en ts  p erfo rm ed  on a  3 .0 0  by 2 .00pm  p a r tic le  w hich had re la tiv e ly  badly 
defin ed  co rn e rs . In th is  case , tw o  co rn e rs  can be seen to  have th e  45° w a lls  
found  in th e  p rev ious exam ple. N eglecting th e  p resen ce  o f th e  th e  low er 
ang le  w alls , th e  p a r tic le  e sse n tia lly  d isp lays th e  sam e f e a tu re s  a s  a  
"norm al" R = 1.5 p a r tic le  d u rin g  th e  cou rse  of th e  in -s i tu  ex p e rim en ts  and 
even although  fo u r  45° dom ain w a lls  a r e  p re se n t i t  is  no ted  th a t  th e  rem an en t 
dom ain s t ru c tu re  is  id e n tica l to  th e  s ta r t in g  co n fig u ra tio n . One very 
s ig n if ic a n t d iffe re n c e  in  th e  behav iour of th is  p a r tic le  is th e  a p p a re n t loss 
o f th e  end c lo su re  s t r u c tu r e s  betw een  fig . 4.19(d) and fig . 4.19(e). R a th e r 
th a n  th e se  dom ains being  e ra d ic a te d , i t  is m ore likely  th a t  a s  th e  value o f 
th e  app lied  fie ld  is in c reased , th e  m ag n e tisa tio n  in th e  end dom ains ro ta te s  
to w a rd s  th e  d irec tio n  o f th e  app lied  fie ld , and hence th e  angle  th ro u g h  w hich
th e  m ag n e tisa tio n  ro ta te s  a c ro ss  th e  w all d ecreases . In th e  F resn e l im aging
techn ique , th is  r e s u lts  in th e  dom ain w alls  becom ing m ore d iffu se , and they  
may even become too d if fu s e  to  be visib le. The com bination  o f th is  e f fe c t,  
and th e  f a c t  th a t  th e  dom ain w a lls  a re  very close to  th e  edge o f th e  p a r tic le  
m akes th e  w a lls  p a r tic u la r ly  d if f ic u l t  to  observe. The s itu a tio n  is  f u r th e r
com plicated  by th e  F resn e l edge wave, which, in an  o u t-o f - fo c u s  techn ique 
such  a s  F resn e l, w ill m ask any su b tle  fe a tu re s  n ea r th e  edges o f th e
p a r tic le s .
A m ost in te re s tin g  exam ple o f a  p a r tic u la r ly  s tra n g e  dom ain s t ru c tu re  is 
show n in th e  F resne l im age o f f ig . 4 .20 . On f i r s t  im pression  th e  s t ru c tu re  
ap p e a rs  qu ite  ir re g u la r ,  how ever an im p o rtan t f a c t  w hich should  be no ted  is 
th a t  bo th  end dom ains Eire m agnetised  p a ra lle l to  each  o th e r and to  th e  sh o rt
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Fig. 4.19 Schematic diagrams showing the approximate directions of 
the magnetisation in each domain as deduced from the 
Fresnel images of a 3.0 by 2.0|.un, 60nm thick permalloy 
particle.
J-T
F ig . 4 .2 0  F re s n e l  im age o f  a  4 .0  by 3.0pm  p a r t i c l e ,  w ith  a  s i g h t l y  
"ab n o rm al"  dom ain s t r u c t u r e .
ax is  o f th e  p a r tic le .
T his ty p e  o f s t r u c tu r e  se rv e s  to  i l lu s t r a te  th e  f a c t  th a t  n o t a ll dom ain
s t ru c tu re s  found in th e  p a r tic le s  can  be p re d ic ted  by th e  a lg o rith m  of 
sec tio n  1.4.2. Shown in f ig . 4.21 is one possib le  dom ain s t r u c tu r e  w hich 
could be p re d ic ted  by app ly ing  th e  a lg o rith m  to  a  p a r tic le  w ith  a  rounded
co rn e r. N ote th a t  th e  dom ain w a ll a t  A s to p s a b ru p tly  and does n o t ex tend  
in to  th e  co rn e r o f th e  p a r tic le ,  n o r does i t  sp lit  in to  tw o  45° w alls. In 
o rd e r  to  p re d ic t a  dom ain s t r u c tu r e  in which tw o 45° w all a r e  p re se n t, th e  
a lg o rith m  would need to  be app lied  to  a  p a r tic le  o f a  shape such  a s  show n in 
f ig . 4.22.
A s e t  o f sch em atic s  o b ta in ed  in th e  usual m anner fro m  th e  in - s i tu  ex p e rim en ts  
conducted  on th e  p a r tic le  o f fig . 4 .20  is shown in fig . 4 .23. As th e  app lied  
f ie ld  is  in c reased  to  3 .0  kA.m-1, fig . 4 .23(e), th e  edge c lu s te rs  have moved,
so d ec rea s in g  th e  len g th  o f th e  180° c ro s s - t ie  w all. The c ro s s - t ie s
th em selv es can be seen  to  bend p r io r  to  m erging w ith  th e  n e a re s t  Bloch line,
f ig . 4 .2 3 (f). At th e  p o in t a t  w hich th e  c ro s s - t ie s  cease  to  e x is t,  f ig . 
4 .2 3 (f), th e  dom ain s t r u c tu r e  is  in f a c t  q u ite  s im ila r  to  th e  4 .0 0 . by 2 .00pm  
show n in fig . 4 .8 (e). In c rea sin g  th e  m agnitude o f th e  ap p lied  f ie ld  fo rc e s  
th e  Bloch lines c lo se r to  th e  s id es  o f th e  p a r tic le . I t should  be no ted  th a t  
ag a in  th e  edge c lu s te rs  move in such a  way as  to  m a in ta in  ang les CDE and CD’E 
in fig . 4 .23(h) close to  90°. At 6 .0  kA.m \  fig . 4 .23(h), th e  dom ain
s tru c tu r e  is q u ite  s im ila r  to  th e  4 .0 0  by 2 .00pm  a t  6.0kA .m  \  (fig . 4 .8(g)). 
A fte r  th e  co llapse  o f th e  c e n tra l  dom ain, fig . 4 .23(i) only th e  end c lo su re  
s t r u c tu r e s  a re  p re sen t.
D uring th e  d ec rea s in g  cycle an  im p o rtan t s tag e  in th e  developm ent o f th e  
re m a n en t s t ru c tu re  ta k e s  p lace  betw een  fig s . 4.23(1) and (m). B etw een th ese  
tw o  values o f app lied  f ie ld  th e  dom ain w all a t  A h as  moved in to  th e  co rn e r o f 
th e  p a r tic le , and in f ig . 4 .23(m ) th e re  a re  now tw o  s h o r t  len g th s  o f 180° 
w all a t  th e  po in ts  m arked  B and B \ It should be no ted  th a t  i f  a  180°
c ro s s - t ie  w all fo rm s a t  B th en  th e  rem an en t dom ain s t ru c tu re  w ould be s im ila r




4.21 Possible resultant domain structure after applying the Van 
den Berg algorithm to a particle which has a rounded corner.
Fig. 4.22 One example of a shape of particle which could result in 




















Fig. 4.23 Schematic diagrams showing the approximate directions of 
the magnetisation in each domain as deduced from the 
Fresnel images of a 4.0 by 3.0|jm, 60nm thick permalloy 
particle.
once th e  c ro s s - t ie  w a ll h a s  fo rm ed  a t  B’, th e  rem an en t dom ain s t r u c tu r e  is  as  
show n in fig . 4 .23(o).
As s ta te d  above th e  m ost im p o rta n t s ta g e  in th e  developm ent o f th e  f in a l fo rm  
o f th e  rem an en t dom ain s t r u c tu r e  took  place as  th e  f ie ld  w as red u ced  fro m  
5.0kA .m  1 to  3.0kA .m  \  a s  i t  is  betw een  th ese  tw o  values o f app lied  fie ld  
th a t  th e  dom ain w all a t  A m oves in to  th e  co rn e r o f th e  p a r tic le .  R epeated  
ex p e rim en ts  in w hich th e  dom ain s t ru c tu re  a t  3.0kA .m  1 w as e x a c tly  a s  shown 
in f ig . 4.23(m ) gave re m a n en t dom ain s t ru c tu re s  ex ac tly  th e  sam e a s  show n in 
fig . 23(a) o r (o), and  in th is  case  bo th  types o f s t ru c tu re  o cc u rre d  w ith  
equal re g u la r ity . In c o n tra s t ,  in s itu a tio n s  w here  th e  dom ain w a ll is 
"pinned" (Becker (1932)) a t  A, and  does no t move in to  th e  c o rn e r  o f th e  
p a r tic le ,  th e  rem an en t dom ain s t ru c tu re  is a lw ays a s  show n in f ig . 4 .23(b). 
F rom  fig . 4 .23(a) and (0 ), i t  w as possib le  to  re fo rm  th e  s t r u c tu r e  o f th e  
ty p e  show n in f ig . 4 .23(b). by applying a  s a tu ra tin g  f ie ld  along  o r close to  
th e  h a rd  ax is  d irec tio n .
4 .4  A.C. DEMAGNETISATION AND APPLICATION OF SATURATING FIELDS
4.4.1 INTRODUCTION
P a r t ic le s  o f a ll th re e  th ick n esses  (17, 60, and 95nm) w ere  su b je c te d  to  sun 
a .c . d em ag n e tisa tio n  in o rd e r  to  check fo r  th e  p o ss ib ility  o f low er energy  
dom ain s ta te s .  To dem ag n e tise  a  sam ple, th e  pow er supply to  th e  m ag n etis in g  
s ta g e  w as changed so th a t  la rg e  f ie ld s  o f a l te rn a t in g  p o la r ity  could be 
app lied  to  th e  specim en. The m axim um  fie ld  w hich could be o b ta in ed  in  th is  
m ode w as 6 4 k A .n i1 and th e  am plitude o f each pulse w as u nder th e  co n tro l of 
th e  ex p e rim en te r. (It is un likely  th a t  th is  m agnitude o f f ie ld  w ill s a tu ra te  
th e  p a r tic le s , e sp ecia lly  w hen d irec ted  along th e  h a rd  d irec tio n .)  
A lte rn a tin g  p o la r ity  pu lses w ere  delivered  to  th e  specim en a t  a  freq u en cy  of 
ap p ro x im a te ly  5 Hz, a lthough  th is  could be decreased  to  0 .2  Hz. In o rd e r to  
dem ag n e tise  a sam ple, th e  am p litu d e  of th e  5 Hz a lte rn a tin g  pu lses w as slow ly
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d ec rea sed  fro m  64kA. m 1 to  ze ro  over ap p ro x im a te ly  30 seconds. U sing th is  
p ro ced u re , th e  p a r tic le s  could be rep ro d u c ib ly  dem agnetised  along  sp ec if ic  
ax es  w ith  re s p e c t  to  th e  specim en. U nder no rm al c ircu m stan ces , sam ples w ere  
dem ag n e tised  along  e ith e r  th e  h a rd  o r  easy  d irec tio n s , and th e  re su lt in g  
re m a n en t dom ain s t ru c tu re s  a re  d esc rib ed  in sec tio n s  4 .4 .2  and 4 .4 .3 .
4 .4 .2  HARD AXIS DEMAGNETISATION
The re m a n e n t dom ain s t ru c tu re s  fo r  th e  th re e  th ick n esses  of sam ples fo llow ing  
a  h a rd  a x is  d em ag n e tisa tio n  a re  show n in f ig . 4 .24  to  4.26. Very re g u la r  
dom ain s t r u c tu r e s  w ere  found in a ll sam ples a lth o u g h  th e  m ost s ig n if ic a n t 
p o in t to  n o te  is  th a t  long leng ths o f 180° w a lls  w e re  freq u en tly  found  in  th e  
17 an d  60nm  sam ples. Long sec tio n s  o f 180° w a lls  w ere  n o t found in th e  95nm 
sam ple, and  a t  th is  p a r tic u la r  th ick n ess , th e  to ta l  leng th  of 180° w all w hich 
w as p re s e n t  w as th e  sam e as  th a t  w hich w as p re se n t in th e  a s -g ro w n  s ta te .
As w as  fo u n d  w hen exam ining a s -g ro w n  dom ain s t ru c tu re s ,  a f te r  a  h a rd  ax is  
a .c . d em ag n e tisa tio n  some of th e  p a r tic le s  e x is te d  in so leno idal s ta te s ,  
w hile  o th e rs  e x is te d  in  non-so leno idal s ta te s .  The a sp e c t r a t io  o f th e  le a s t  
a c ic u la r  p a r t ic le  having a  non-so leno idal dom ain s t ru c tu re  a re  show n in ta b le  
4.1. In a lm o st a ll cases, p a r tic le s  d ep o sited  o rthogonally  to  each  o th e r ,
w hich h ad  th e  sam e in -p lan e  dim ensions show ed a  s im ila r  m agnetic  behaviour.
4 .4 .3  EASY AXIS DEMAGNETISATION
The m ost s ig n if ic a n t d iffe re n c e  be tw een  th e  h a rd  and easy  ax is  
d em ag n e tisa tio n s  o ccu rred  in th e  17 and 60nm  th ick  specim ens. In th e se  tw o  
c a ses , a f t e r  th e  sam ples had been dem agnetised  along  th e  easy  ax is , th e  long 
se c tio n s  o f 180° w a lls  found  a f te r  a  h a rd  a x is  d em ag n e tisa tio n  w ere  no longer 
p re se n t. Also m ore o f th e  p a r tic le s  a re  found  in non-so leno idal s t a te s  and
th e  le a s t  a c ic u la r  p a r tic le s  w hich d isp lay  a  non-so leno idal s t ru c tu re  a re  





















4.26 Remanent domain structures of a 95nm thick sample after a 
hard axis demagnetisation.
TABLE 4 .1
F i r s t  p a r t i c l e s  t o  d i s p l a y  a  N o n - s o le n o id a l  s t r u c t u r e .
17nm t h i c k  Ni _ _Fe_„ _ sa m p le
8 2 . 5  1 7  • 5
L e n g th 4 pm 3pm 2pm 1pm
B re a d th (pm)
(a )  A s-grow n 0 .7 5 0 .5 0 0 .3 8 0 .2 5
(b ) A s-grow n 0 .7 5 0 .5 0 0 .3 8 0 .2 5
E asy  (Demag) 1 .5 0 1 .0 0 0 .5 0 0 .5 0
H ard  (Demag) 0 .5 0 0 .3 8 None None
60nm t h i c k  Ni Fe sp e c im e n
8 2 . 5  1 7 .5
L e n g th 4 pm 3pm 2pm 1pm
B re a d th (pm)
(a )  A s-grow n 0 .7 5 0 .5 0 0 .3 8 0 .2 5
(b ) A s-g row n 0 .7 5 0 .5 0 0 .3 8 0 .2 5
E asy  (Demag) 1 .5 0 1 .0 0 0 .5 0 0 .5 0
H ard  (Demag) 0 .5 0 0 .3 8 None None
95nm t h i c k  Ni _F e,„  _ sp e c im e n
8 2 . 5  1 7 . 5
L e n g th 4 pm 3pm 2pm 1pm
B re a d th (pm)
(a )  A s-grow n 0 .3 8 0 .3 8 0 .2 0 None
(b ) A s-grow n 0 .3 8 0 .3 8 ------ ------
E asy  (Demag) 0 .2 5 0 .2 5 None None
H ard (Demag) 0 .2 5 0 .2 5 None None
E asy  (Demag) 
H ard  (Demag) 
None
(a )  an d  (b )
E asy  a x i s  d e m a g n e t i s a t io n .
H ard  a x i s  d e m a g n e t i s a t io n .
None o f  t h e  p a r t i c l e s  h ad  n o n - s o l e n o i d a l  dom ain  
s t r u c t u r e s .
T h is  g ro u p  o f  p a r t i c l e s  w as n o t  s u i t a b l e  f o r
e x a m in a t io n .
T h ese  a r e  two s e t s  o f  p a r t i c l e s ,  i n  t h e  on e  a r r a y ,  w h ich  
w e re  f a b r i c a t e d  o r t h o g o n a l l y  to  e a c h  o t h e r .
In th e  ca se  o f  th e  95nm th ick  sam ple, th e  s t r u c tu r e s  o f m ost o f th e  p a r tic le s  
w e re  id en tica l to  th o se  found  a f te r  a  h a rd  a x is  a .c  d em ag n e tisa tio n . Again, 
th e  le a s t  a c ic u la r  p a r tic le  having a  n o n -so len o id a l s t ru c tu re  is given in 
ta b le  4.1.
As s ta te d  in sec tio n  2.4 , th e  m axim um  fie ld  w hich could be delivered  to  th e  
specim en in  th e  pu lsed  mode w as 64 kA.m \  T his is in su ff ic ie n t to  s a tu r a te  
th e  p a r t ic le  along e i th e r  th e  easy  o r, in p a r t ic u la r  th e  h a rd  d irec tio n . In 
o rd e r  to  s a tu r a te  th e  sam ple, specim ens o f a ll th re e  th ick n esses  o f specim ens 
w e re  s u b je c te d  to  a  1.2T fie ld  app lied  e x te rn a l to  th e  m icroscope, and  th e  
re m a n en t dom ain s t ru c tu re s  ob ta ined  a re  d esc rib ed  below  in sec tio n  4 .4 .4 .
4 .4 .4  SATURATING FIELDS
The re m a n e n t dom ain s t ru c tu re s  ob ta in ed  fro m  s a tu ra tin g  th e  p a r tic le s  along 
th e  h a rd  o r  easy  d irec tio n s  fo r  th e  17 and  60nm  sam ples give a lm o st id en tica l 
dom ain s t r u c tu r e s  to  th o se  o b ta ined  w hen th e  p a r tic le s  w ere  su b je c te d  to  a  
s im ila r ly  d ire c te d  a .c . dem agne tisa tion . Again th e  m ain  p o in t to  n o te  w as 
th a t  L a n d a u -L ifsh itz  s tru c tu re s  o ccu rred  in th e  tw o  th in n e r  sam ples w hen th e  
f ie ld  w as d ire c te d  along th e  h a rd  ax is .
In th e  th ic k e s t  sam ple, 95nm, a lthough  m any o f th e  p a r tic le s  d isp layed  
so leno ida l rem an en t dom ain s tru c tu re s ,  long sec tio n s  o f 180° w alls  w e re  n o t 
found. The rem an en t dom ain s t ru c tu re s  p re se n t in th is  sam ple a lw ays ten d ed  
to  have a  180° w all w hich w as th e  sam e leng th  a s  w as found in th e  a s -g ro w n  
s ta te .  F o r th is  p a r tic u la r  th ick n ess o f sam ple, w hen th e  s a tu ra tin g  f ie ld  
w as d ire c te d  along  e ith e r  th e  h a rd  o r easy  ax es, th e  only p a r tic le s  to  show  
n o n -so len o id a l s t ru c tu re s  w ere  th e  4 by 0 .38pm  (R = 10.5), 4 by 0 .25pm  (R = 
8) and  th e  3 by 0 .25pm  (R =6).
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4.5 DISCUSSION AND SOME DIFFICULTIES WITH FRESNEL IMAGING
F rom  th e  ra n g e  o f p a r tic le s  in v es tig a ted  using  th e  techn iques d esc rib ed  in
se c tio n s  4 .3  and  4.4, i t  can  be seen th a t  b o th  solenoidal and n o n-so leno idal 
dom ain s t r u c tu r e s  a re  p re se n t in a ll th re e  th ick n esses  o f sam ples. Depending 
on th e  s iz e  and m agnetic  h is to ry  o f th e  p a r tic le  i t  is possib le  to  p re d ic t 
th e  dom ain  s t ru c tu re  of a  p a r t ic u la r  p a r tic le . In g en e ra l, n o n -so leno ida l
a s -g ro w n  dom ain s t ru c tu re s  w ere  o b ta in ed  in  th e  m ore a c ic u la r  ( R > 8 ) 
p a r t ic le s .  Less ac ic u la r  p a r tic le s , and in p a r tic u la r  th e  g roup  o f p a r tic le s  
w ith  R ^  3, w e re  alw ays found  to  have so leno idal a s -g ro w n  dom ain s t ru c tu re s .  
S im ila r  conclusions can a lso  be d raw n  w hen th e  p a r tic le s  w ere  s a tu ra te d  o r 
a .c . d em ag n e tised  along th e  h a rd  o r easy  d irec tio n s . In th e  17 and  60nm
th ick  p a r tic le s  w hich had been su b je c te d  to  e ith e r  a  s a tu ra tin g  fie ld , o r  
a .c . d em ag n e tisa tio n  along th e  h a rd  ax is , rem an en t dom ain s t r u c tu r e s  w ith  
long len g th s  o f 180° w alls  w ere  found  to  occu r m ore freq u en tly  th a n  a f t e r  th e
sam e p ro c ed u re  had been c a rr ie d  ou t along th e  easy  ax is . T his w as n o t th e
case  f o r  th e  95nm th ick  specim ens, w hen long len g th s  o f 180° w a lls  w e re  n o t 
found .
One o f  th e  m ost im p o rtan t f a c ts  w hich em erged  fro m  th e  s e t  o f in -s i tu  
e x p e rim en ts  on th e  60nm th ick  p a r tic le s  is th e  ro le  of th e  edge c lu s te r s  as
th e  dom ain w a lls  move under th e  in fluence o f th e  applied  f ie ld . T his f a c t
w as d e m o n s tra te d  m ost c lea rly  in th e  4 .0 0  by 2 .00pm  p a r tic le , f ig . 4 .8 . The
edge c lu s te r s  tended  to  move in such a  w ay as  to  delay  th e  in tro d u c tio n  o f a  
180° w all. T his re su lte d  in th e  behav iour o f p a r tic le s  w ith  edge c lu s te rs  
being  s ig n if ic a n tly  d if fe re n t  fro m  th o se  p a r tic le s  having only c o rn e r  and 
f r e e  c lu s te rs .
As show n in sec tio n  4.3, th e  F resn e l mode, w hen used in con ju n ctio n  w ith  th e  
m ag n e tis in g  s ta g e  provides valuab le in fo rm a tio n  abou t th e  m ag n e tisa tio n  
p ro c e sse s  o f som e of th e  p a r tic le s . However a s  can be seen fro m  som e o f th e  
F resn e l im ages, they  a re  som etim es r a th e r  d if f ic u l t  to  in te rp re t .  T his is 
esp ec ia lly  th e  case  when low angle dom ain w a lls  a re  p re sen t as  th e se  w a lls
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a re , by th e  n a tu re  o f th e  im aging m ode, r a th e r  low in c o n tra s t.  A m ore 
se r io u s  d raw b ack  is  th e  f a c t  th a t  th e  dom ain w a lls  o f th e  n a r ro w e r  ( < 
a p p ro x im a te ly  0.5pm ) p a r tic le s  a re  v ir tu a lly  im possib le to  d e te c t due to  th e  
p re sen ce  o f  a  F resn e l edge wave w hich m akes th e  boundaries o f  th e  p a r tic le s  
a p p e a r  q u ite  b lu rre d . A nalysis using  th e  F resn e l mode is th e re fo re  
re s t r ic te d  to  th e  la rg e r  p a r tic le s . U n fo rtu n a te ly , how ever, th e  n a r ro w e r  and 
m ore a c ic u la r  p a r tic le s  ten d  to  su p p o rt non-so leno idal s t ru c tu re s , and  th e se  
w ould be o f p a r t ic u la r  in te re s t  i f  th ey  could be exam ined d u rin g  in - s i tu  
ex p e rim en ts .
In o rd e r  to  overcom e th is  problem , th e se  m ore ac icu la r p a r tic le s  w ere  
exam ined  using  th e  F oucau lt (sec tio n  2 .2 .3 ) techn ique . A d ire c t  consequence 
o f th e  fo rm  o f th e  non-so leno idal dom ain s t ru c tu re  m eans th a t  th e se  p a r tic le s  
a r e  p a r tic u la r ly  w ell su ited  to  ex am in a tio n  using  th is  technique. R esu lts  
o b ta in ed  fro m  an  exam ina tion  using  th e  F o u cau lt mode o f th e  sm a lle r and  m ore 
a c ic u la r  p a r t ic le s ,  a s  w ell a s  som e la rg e r  p a r tic le s  sure p re se n te d  in 
c h a p te rs  5 and  6.
60
CHAPTER 5
FOUCAULT AND KERR MAGNETO-OPTIC IMAGING OF N i Fe PARTICLES
8 2 .5  17.5
5.1 INTRODUCTION
In sec tio n  4 .3 , v a rio u s in - s i tu  ex p e rim en ts  p e rfo rm ed  on 60nm  th ick  
Ni Fe p a r tic le s  w e re  d escrib ed . All th e  re s u lts  fro m  sec tio n  4 .3  w ere
8 2 .5  17.5
o b ta in ed  using  th e  F resn e l mode and although a g re a t  deal o f in fo rm a tio n  can 
be o b ta in ed  fro m  th e se  im ages, p roblem s a re  encoun te red  w hen e i th e r  o f th e  
in -p lan e  dim ensions becom es less  th a n  ap p ro x im ate ly  0.5pm . T hese sm alle r 
p a r tic le s  can, how ever, be exam ined  using th e  F oucau lt mode and  sec tio n  5 .3  
d e sc rib e s  som e of th e  in - s i tu  ex p e rim en ts  p e rfo rm ed  on th e  sm a lle r  17, 60 and 
95nm th ick  p a r tic le s .
The high c o n tra s t  levels in a  F oucau lt im age, in ad d itio n  to  th e  f a c t  th a t  it  
is an  in focus techn ique enab les th e  positions o f th e  dom ain w a lls  to  be 
d e te rm in ed  accu ra te ly . C are fu l in te rp re ta t io n  o f th e  F o u cau lt im ages can 
lead  to  th e  fo rm a tio n  o f h y s te re s is  loops from  indiv idual p a r tic le s ,  and th e  
p ro ced u re  fo r  doing th is  is d esc rib ed  in sec tion  5.2.
F ina lly  sec tio n  5 .4  p re se n ts  some re s u lts  fro m  ex p erim en ts  p e rfo rm ed  on la rg e  
60nm  th ick  Ni Fe p a r tic le s  c a rr ie d  out using th e  K err m ag n e to -o p tic
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im aging f a c i l i t ie s  a t  th e  U n iversity  o f E rlangen, G erm any. Q u an tita tiv e  
s u r fa c e  m ag n e tisa tio n  m aps fro m  some of th e  m ore in te re s tin g  dom ain 
s t ru c tu re s  a re  a lso  p re sen ted  in th is  sec tion .
5 .2  DETERMINATION OF A HYSTERESIS LOOP FROM A SET OF FOUCAULT 
IMAGES.
The p ro ced u re  w hich enabled  F oucau lt im ages to  be ob ta ined  in th e  m odified 
JEOL 2000FX CTEM w as d esc rib ed  in sec tion  2 .2 .3 . In o rd e r to  derive  as  much
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in fo rm a tio n  as  possib le  re g a rd in g  th e  dom ain s t ru c tu re  o f a  p a r tic le ,  a  p a ir  
o f F o u cau lt im ages m apping o rth o g o n a l com ponents o f induction  a re  norm ally  
ob ta in ed . One such p a ir  fro m  a  4 .0 0  by 1.05pm p a r tic le , w as show n in fig . 
2 .4 . D uring th e  co u rse  o f th e  in - s i tu  ex p erim en ts , a s  th e  value o f th e  
app lied  fie ld  in c reases , and  dom ains g row  and sh rin k  in s ize , a  s e r ie s  of
F o u cau lt im ages a re  o b ta in ed  a t  d i f f e re n t  values o f app lied  fie ld . (In th e  
sp ec if ic  case  o f p a r tic le s  d esc rib ed  in sec tion  5.3, th e  app lied  f ie ld  is 
a lw ay s d ire c te d  along th e  easy  ax is  o f th e  p a r tic le s .)  The high level of
c o n tra s t  in th ese  im ages allow s th e  dom ain s t ru c tu re  to  be d e te rm in ed  and 
th u s  th e  n e t m om ent of th e  p a r tic le  can  be ca lcu la ted . A value o f th e  n e t
m om ent ( M  ) o f a  p a r tic le  w as o b ta in ed  by sum m ing th e  a re a s  o f th o se  dom ains 
m ag n etised  p a ra lle l to  th e  app lied  f ie ld  and then  su b tra c tin g  th e  a re a  of 
th o se  dom ains m ag n etised  a n ti -p a ra l le l  to  th e  applied  f ie ld . (The d irec tio n s  
o f m ag n e tisa tio n  in th e  dom ains m agnetised  (or close to  being  m agnetised) 
o rth o g o n ally  w ith  re s p e c t to  th e  applied  f ie ld  a re  d is re g a rd e d  in th e
c a lc u la tio n .)  Hence M  can  be ex p ressed  in eqn. 5.1 as;
M  = £  A. -  £  B. (5.1)
i 1 j J
D om ains m agnetised  p a ra lle l to  th e  applied  f ie ld  have a r e a  A., and dom ains 
m ag n e tised  a n ti-p a ra l le l  to  th e  app lied  fie ld  have a re a  B .^ A value fo r  th e  
red u ced  m om ent (RM) is o b ta in ed  by dividing M by th e  to ta l  a r e a  o f th e
p a r tic le . The RM is th e re fo re  d im ensionless. One sp ec if ic  exam ple o f th is  
ca lc u la tio n  is shown in fig . 5.1. In fig . 5.1(a), th o se  dom ains w hich a re  
m ag n etised  p a ra lle l to  th e  app lied  fie ld  a re  shaded, w hile in fig . 5.1(b), 
th o se  dom ains m agnetised  a n ti-p a ra l le l  to  th e  app lied  fie ld  a re  shaded.
Summ ing and th en  su b tra c tin g  th e  shaded  a re a s  in fig . 5.1(a) and  (b) g ives a 
value fo r  M which, when divided by th e  to ta l  a re a  o f th e  p a r tic le , r e s u lts  in 
a value fo r  th e  RM.
In o rd e r  to  c a lcu la te  a h y s te re s is  loop from  a p a r tic le , th e  RM value w as 





Fig. 5.1 Diagram showing the calculation of the RM. In (a), those 
domains which are magnetised parallel to the applied field 
are shaded, while in (b), domains anti-parallel to the 
applied field are shaded.
loop fro m  a  p a r tic le  is  show n in f ig . 5 .2 , and in g en e ra l ap p ro x im a te ly  10 
values o f RM w ere  used  to  c o n s tru c t each  loop. Each o f th e  d o ts  in  fig . 5 .2  
re p re s e n ts  a  value o f ap p lied  f ie ld  a t  w hich th e  RM value w as ca lcu la ted . 
The a c tu a l shape o f th is  loop w ill be d iscussed  in g r e a te r  d e ta il  in sec tio n  
5 .3 .
5 .3  FOUCAULT IMAGING OF IN-SITU EXPERIMENTS ON N i Fe
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PARTICLES
The h ig h er m ag n ifica tio n  av a ilab le  using  th e  F oucau lt mode enab led  no t only 
th e  la rg e r  p a r tic le s  to  be exam ined, b u t also  th o se  p a r tic le s  w hich ex is te d  
in n o n-so leno ida l s ta te s .  The l a t t e r  type o f dom ain s t r u c tu r e s  w ere  
ex tre m e ly  w ell su ited  to  s tu d y  using  th is  techn ique a s  th e re  is a  high 
v a r ia tio n  in th e  im age in te n s ity  o f tw o  non-so leno idal s t ru c tu re s  w hich a re  
opposite ly  m agnetised , a s  show n in fig . 5.3. In sec tio n s  5.3.1 to  5 .3 .3 , th e  
in - s i tu  ex p e rim en ts  on 17, 60 and 95nm th ick  p a r tic le s  w ith  R > 4 a re
d esc rib ed . H y ste res is  loops co n s tru c te d  fro m  p a irs  of F oucau lt im ages using  
th e  m ethod  d escrib ed  in sec tio n  5 .2  a re  given fo r  som e o f th e  p a r tic le s .
5.3.1 IN-SITU EXPERIMENTS ON 17nm THICK PARTICLES
The easy  ax is  a .c . dem agnetised  s ta te s  o f p a r tic le s  a t  th is  th ick n ess  w ere  
given in sec tio n  4.4. In g en e ra l th e  re su ltin g  dom ain s t r u c tu r e s  o f th e  
p a r tic le s  w ere  highly rep ro d u c ib le , and w ill th e re fo re  se rv e  a s  a  usefu l 
s ta r t in g  s t ru c tu re  fro m  w hich in - s i tu  exp erim en ts can be conducted . F or th e  
p a r tic le s  re le v an t to  th is  sec tio n , s ta r t in g  dom ain s t ru c tu re s  w ere  s im ila r  
to  th e  a s -g ro w n  s t ru c tu re s  shown in fig . 4.1(b), and in th is  p a r t ic u la r  
sam ple, a ll o f th e  p a r tic le s  w ith  R £ 4 had type  II, (non-so leno ida l),
d is tr ib u tio n s .
The fiv e  4/im long p a r tic le s  w ith  R > 4 w ere  exam ined ex tensive ly , and a 
h y s te re s is  loop w as co n s tru c te d  fro m  each p a rtic le . In th e  case  o f th e  3.98
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Fig. 5.2 Hysteresis loop deduced from evaluating the RM at various 
values of applied field. Each point at which a value of RM 
was calculated is marked with a dot.
Fig. 5.3 Foucault image of two non-solenoidal domain structures which 
are oppositely magnetised.
by 1.00pm  p a r tic le , i t s  a .c . d em agne tised  s ta te  can be seen to  be ty p e  11(d), 
a s  show n in fig . 5 .4 . On ap p lica tio n  o f a  f ie ld  a n t i -p a ra l le l  to  th e  
d ire c tio n  o f m ag n e tisa tio n  in th e  c e n tra l  sec tio n  of th e  p a r tic le , th e  dom ain 
s t r u c tu r e  changed very  l i t t l e  u n til a t  a  w ell defined  f ie ld  H th e
S
m a g n e tisa tio n  in th e  c e n tra l  sec tio n  rev e rsed . Although, as  no ted , th e re  w as 
l i t t l e  change in th e  dom ain s t ru c tu re  up to  H , fig . 5 .5 show s th a t  ju s t
S
b e fo re  sw itch in g , some g ro w th  o f th e  end dom ain s t ru c tu re  w as observed. 
F u r th e r  in c re ase  in th e  f ie ld  up to  H (=10kA.m-1) re s u lte d  in l i t t le
max
f u r th e r  change and, on rem oval o f th e  fie ld , th e  rem an en t s ta te  o f th e  
p a r tic le  closely  resem bled  th a t  o f th e  p a r tic le  in i ts  a .c . dem agnetised  
s t a t e  b u t w ith  th e  m ag n e tisa tio n  o f th e  c e n tra l sec tio n  rev e rsed . 
A pplication  o f a  nega tive  f ie ld  led to  s im ila r re s u lts  w ith  th e  d ire c tio n  of 
m a g n e tisa tio n  in th e  c e n tra l  sec tio n  once again  changing when a  f ie ld  o f -H
s
w as a tta in e d . For a  p a r tic le  o f a  p a r tic u la r  size  and shape th e  sw itch in g  
f ie ld  is rep ro d u c ib le  w ith  an  accu racy  o f +300A.m \  The accu racy  w ith  w hich 
Hs can  be de term ined  is in fluenced  p rim arily  by th e  d if f ic u lty  a sso c ia te d  
w ith  in c re a s in g  th e  m agn itude o f th e  fie ld  in in crem en ts  sm a lle r  th a n  th is  
value. A second, b u t m ore p ra c t ic a l  reaso n  is th a t  i f  th e  f ie ld  w ere  
in c re a sed  in sm a lle r d iv isions, th e  tim e taken  fo r  each ex p e rim en ta l ru n  
w ould  be im p rac ticab ly  long, as  th e  m icroscope has to  be re co n fig u re d  each 
tim e  th e  f ie ld  is increased .
The h y s te re s is  loops fro m  v ario u s 4pm long p a r tic le s  a re  show n in fig . 5.6. 
H y s te re s is  loops of th is  shape a re  type A, and th e  behaviour o f a ll th e se  
p a r tic le s  is  q u ite  s im ila r  to  th e  3 .98  by 1.00pm p a r tic le  d esc ribed  above.
The sq u a ren ess  of a  p a r tic le  is defined  as  th e  value of th e  rem an en t reduced  
m om ent. V alues o f sq u a ren ess  and H fo r  various p a r tic le s  in tw o  d if fe re n t
S
sam ples a re  given in ta b le s  5.1(a) and (b). It should be no ted  th a t  b o th  th e  
re m a n en t RM value and th e  value o f H in creases  m onotonically  w ith  R. Both
S
o f th e se  p o in ts  w ill be d iscussed  in sec tio n  5 .3 .4 .
Values o f H and th e  RM fro m  3 and 2pm long p a r tic le s  w ith  R > 4 a re  also
S
show n in tab le  5.1(a) and (b). It w as noted th a t  a t  th is  th ick n ess , all
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F ig . 5 .4  F o u c a u lt im ages showing com ponents o f  in d u c tio n  (a )  p a r a l l e l  
and (b ) p e rp e n d ic u la r  to  th e  long  a x is  o f  a 17nm th ic k  
p erm a llo y  p a r t i c l e ,  (c )  sch em atic  o f  th e  m a g n e tis a t io n  
d i s t r i b u t i o n  deduced from (a ) and (b ) .
Fig .  5 .5  F oucau l t  image o f  a n o n - s o l e n o i d a l  m a g n e t i s a t i o n  
d i s t r i b u t i o n  in  a 17nm t h i c k  p a r t i c l e  wi th  the  a p p l i e d  f i e l d  


















Fig. 5.6 Hysteresis loop from various 4.0fim long, 17nm thick 































4 . 0 0 x 1 . 0 0 4 . 0 A 0 . 7 0 1 . 5
4 . 0 0 x 0 . 7 5 5 . 3 A 0 . 7 6 1 . 8
4 . 0 0 x 0 . 5 0 8 . 0 A 0 . 8 0 3 . 6
4 . 0 0 x 0 . 3 4 1 1 . 7 A 0 . 9 2 5 . 2
4 . 0 0 x 0 . 2 6 1 5 . 6 A 0 . 9 6 5 . 4
3 . 0 0 x 0 . 7 5 4 . 0 A 0 . 7 0 1 . 7
3 . 0 0 x 0 . 5 0 6.01 A 0 . 7 4 3 . 6
3 . 0 0 x 0 . 3 4 8 . 9 2 A 0 . 8 3 5 . 0
3 .0 0 x 0 .2 6 1 1 . 3 8 A 0 . 9 2 6.2
2 . 0 0 x 0 . 3 4 5 . 8 5 A 0 . 7 7 3.2
2 . 0 0 x 0 . 2 6 7 . 7 A 0.80 6.0















3.87x0.76 5.11 A 0.72 1.8
3.87x0.51 7.67 A 0.77 2.9
3.87x0.40 9.86 A 0.90 4.7
3.87x0.26 15.0 A 0.95 5.5
2.89x0.75 3.84 A 0.63 1.6
2.89x0.50 5.76 A 0.76 2.4
2.89x0.38 7.53 A 0.78 4.4
2.89x0.27 10.66 A 0.89 4.7
1.96x0.40 4.98 A 0.73 2.6
1.96x0.27 7.23 A 0.78 5.0
p a r tic le s  w ith  R £ 4 had  ty p e  A h y s te re s is  loops.
5 .3 .2  IN-SITU EXPERIMENTS ON 60nm  THICK PARTICLES
A s e t  o f ex p e rim en ts  w as p e rfo rm ed  on 4, 3 and 2pm long, 60nm  th ick  p a r tic le s
w hich  had  4 < R < 16. F or th o se  p a r tic le s  w hich w ere  4pm long th e  th re e
p a r tic le s  w ith  th e  h ig h est R values d isp layed  s im ila r c h a ra c te r is t ic s  to
th o se  o f th e  17nm th ick  p a r tic le s  d iscu ssed  in sec tio n  5.3.1. The rem a in in g  
tw o  4pm  long p a r tic le s  w ith  low er values o f R show ed m arked ly  d if f e re n t  
p ro p e r tie s ,  and a re  d iscussed  below .
F ir s t ly  in th e ir  a .c . dem agnetised  s ta te ,  they  both  su p p o rted  a  so lenoidal 
dom ain s t ru c tu re  of th e  kind show n in fig . 5.7. On ap p lica tio n  o f a  f ie ld , 
fav o u rab ly  o rien ted  dom ains g rew  a t  th e  expense o f th o se  less  su itab ly
o rien te d  and th e  n e t m om ent o f th e  p a r tic le  in c reased  w ith  fie ld . This 
con tinued  u n til a  c r i t ic a l  fie ld , deno ted  H , w as a tta in e d  w hereupon ansl
ir re v e rs ib le  change took p lace . Fig. 5 .8  show s F oucau lt im ages o f th e  dom ain 
s t r u c tu r e  ju s t  below  and above H . In th e  fo rm e r case  th e  m ag n e tisa tio n
s l
d is tr ib u tio n  is c lea rly  a  d is to r te d  fo rm  of th a t  e x is tin g  in z e ro  fie ld ; 
indeed, i f  H w as rem oved b e fo re  H w as a tta in e d  th e  s t r u c tu r e  re v e r te d  to
e x t  s l
i t s  o rig in a l fo rm . However, a s  H w as in creased  to  H th e  180° w all w as
e x t  s l
d riv en  in to  th e  side of th e  p a r tic le  and th e  s t ru c tu re  changed to  a  fo rm
im m ediately  recogn izab le  as  th e  non-so leno idal s t ru c tu re  a lre ad y  d iscu ssed  in
connection  w ith  th e  17nm th ick  p a r tic le s  in sec tion  5.3.1. H th u s  deno tes
th e  f ie ld  a t  w hich a t r a n s i t io n  fro m  a solenoidal to  a  n o n-so leno idal
s t ru c tu r e  ta k e s  place. F u r th e r  in c rease  o f th e  fie ld  to  H and its  r  m ax
su b seq u en t red u c tio n  to  ze ro  led to  l i t t l e  f u r th e r  change and a t  rem anence 
th e  p a r tic le  d isp layed  a  n o n -ze ro  m om ent as  have a ll th e  p a r tic le s  d iscussed  
in sec tio n  5.3.
A pplication  o f a re v e rse  f ie ld  a lso  had l i t t le  e f fe c t  u n til a  f ie ld  denoted  
by H w as reached . Ju s t b e fo re  th is  fie ld  th e  m ag n e tisa tio n  d is tr ib u tio nJ s2





Fig. 5.7 A 60nm thick particle with R = 4, which has a solenoidal 
distribution.
F ig . 5 .8  F o u cau lt im age o f th e  p a r t i c l e  shown in  f i g .  5 .7  w ith  an 
a p p l ie d  f i e l d  (a )  j u s t  l e s s  th an  and (b ) j u s t  g r e a te r
th an  H
s l
m ag n e tisa tio n  d irec tio n  o f th e  c e n tra l  p o rtio n  of th e  p a r tic le  sim ply
rev e rs in g , a d is to r te d  fo rm  of th e  o rig in a l so lenoidal d is tr ib u tio n  (w ith
s im ila r  f e a tu re s  to  those  a p p a re n t in fig . 5 .8(a) re su lted . Rem oval o f th e  
re v e rse  fie ld  a t  th is  po in t th en  re s to re d  th e  dom ain s t r u c tu r e  in th e
p a r tic le  to  i ts  o rig in a l a .c . dem agne tised  fo rm . H then  den o tes th e  f ie ld  
a t  w hich a tra n s i t io n  fro m  a n o n-so leno ida l to  a so lenoidal d is tr ib u tio n
ta k e s  p lace .
In c rea se  o f th e  re v e rse  f ie ld  beyond H led to  f u r th e r  d is to r tio n  o f th e
s2
so leno idal d is tr ib u tio n  u n til a t  -H th e  s t ru c tu re  once m ore re v e r te d  to  asl
no n -so len o id a l fo rm . The h y s te re s is  loop fo r  th e  com plete cycle is show n in 
fig . 5 .9 (a) fo r  th e  60nm p a r tic le  w ith  R = 3 .8  and th is  ty p e  o f loop is
deno ted  a s  ty p e  B. It is a p p a re n t th a t  p a r tic le s  w ith  h y s te re s is  loops o f
ty p e  B can  e x is t  in th re e  re m a n en t s ta te s  co rrespond ing  to  th e  tw o
no n -so len o id a l d is tr ib u tio n s  w ith  oppositely  m agnetised  c e n tra l  p o rtio n s  and 
th e  so leno idal s ta te  w ith  ze ro  n e t m om ent.
D e ta ils  o f sw itch ing  fie ld s  and sq u a ren esses  fo r  th e  tw o 60nm  p a r tic le s  ju s t  
co n sid ered  a re  given in ta b le  5 .2 . I t  should be no ted  th a t  th e  d if fe re n c e
betw een  |H  | and |H | is sm a lle r  fo r  th e  p a r tic le  w ith  R = 5 .3  th a n  fo r  th e
s l  s2
p a r tic le  w ith  R = 3.8. The h y s te re s is  loops fro m  4pm long p a r tic le s  of
v ary in g  in -p lan e  a sp ec t r a t io s  a re  given in fig . 5.9.
D a ta  on th e  3 and 2pm long p a r tic le s  a re  also  given in ta b le  5 .2 . In a
s im ila r  m anner to  th e  4pm long p a r tic le s , fo r  th o se  p a r tic le s  having  ty p e  A 
h y s te re s is  loops th e  values of bo th  th e  sq u a ren ess  and a re  found  to
in c re a se  m onotonicaily  w ith  R. P a r tic le s  having th e  sam e value o f R bu t 
d if f e re n t  leng ths have very  s im ila r  values o f sq u aren ess . P o in ts  such  as  
th e se  a re  d iscussed  in sec tio n  5 .3 .4 .
5 .3 .3  IN-SITU EXPERIMENTS ON 95NM THICK PARTICLES
D eta ils  o f th e  95nm th ick  p a r tic le s  in v estig a ted  a re  given in ta b le  5 .3(a) 

































Fig. 5.9 Hysteresis loops from 60nm thick particles with length 
4.00pm.
Table 5.2(a): The magnetisation process in 60nm thick permalloy particles.
I n - p la n e
d im e n s io n s
(pm)
R H y s t e r e s i s  
lo o p  ty p e




4 .0 0 x 1 .0 5 3 .8 B 0 .6 2 2 .8
4 .0 0 x 0 .7 5 5 .3 B 0 .7 2 2 .4
4 .0 0 x 0 .5 0 8 .0 A 0 .8 4 3 .0
4 .0 0 x 0 .4 0 1 0 .0 A 0 .9 2 4 .5
4 .0 0 x 0 .2 5 1 6 .0 a" 0 .9 7 5 .7
3 .0 0 x 0 .7 5 3 .8 B 0 .6 3 1 .4
3 .0 0 x 0 .5 0 6 .0 A 0 .7 2 2 .3
3 .0 0 x 0 .3 4 8 .8 A 0 .8 0 4 .1
3 .0 0 x 0 .2 6 1 1 .5 A 0 .9 0 4 .8
2 .0 0 x 0 .3 4 5 .9 A 0 .7 0 3 .6
2 .0 0 x 0 .2 6 7 .7 A 0 .8 3 4 .3
Table 5.3(a): The magnetisation process in 95nm thick permalloy particles.
I n - p la n e  
d im e n s io n s  
( p m )  
4 .2 1 x 1 .0 3  
4. 1 9 x 0 .7 6  
4 .2 4 x 0 .5 3  
4 .2 4 x 0 .3 9  
4 .2 4 x 0 .2 9
3 .1 0 x 0 .7 6  
3 .1 0 x 0 .5 3  
3 .1 0 x 0 .3 7  
3 .1 0 x 0 .2 5
R H y s t e r e s i s  S q u a re n e s s  
lo o p  ty p e
H Hsl s2
(kA.m"1 ) ( k A . n f 1 ) ( k A . n f 1 )
4 .0  
5 .5
8 . 0  














4 .1  
5 .8  









- 1 . 3
2.2
Table 5.3(b): The magnetisation process in 95nm thick permalloy particles.
I n - p la n e  R H y s t e r e s i s  S q u a re n e s s  H H H
*  J  “ s s l  s2
“1 —1d im e n s io n s  lo o p  ty p e  (kA.m ) (kA.m ) (kA.m )
( p m )
4 .0 0 x 1 .0 0  4 .0  C   3 .9  2 .0
4 .0 0 x 0 .7 5  5 .3  C   3 .0  0 .7
4 .0 0 x 0 .5 0  8 .0  B 0 .6 0  2 .0  - 0 .9
4 .0 0 x 0 .4 0  1 0 .0  B 0 .7 7  1 .9  - 1 . 3
4 .0 0 x 0 .2 5  1 6 .0  A 0 .8 5  2 .4
th e  p a r tic le s  show s a  type  A h y s te re s is  loop, w h ils t p a r tic le s  o f  th is  leng th
w ith  R = 8 and 10 show ty p e  B loops. As w ith  th e  60nm th ick  (R = 4 and  5 .3  ) 
p a r tic le s  d iscussed  above, th e  d if fe re n c e  betw een  I H I and I H I
1 sl 1 1 s2 1
d e c re a se s  m onotonically  w ith  in c re a s in g  R value. The tw o  p a r tic le s  w ith  th e  
low est R -v alu es, how ever, show som ew hat d if fe re n t  p ro p e rtie s . In th e ir  a .c . 
d em ag n e tised  s ta te  they  su p p o rt a re g u la r  so lenoidal dom ain s t r u c tu r e  w hich
changes to  a  non-so leno idal d is tr ib u tio n  on ap p lica tio n  of a f ie ld  H . T hisSl
s ta t e  p e r s is ts  as  th e  fie ld  is in c re a sed  to  H bu t, on re d u c tio n  o f th e
max
f ie ld , th e  t ra n s i t io n  back to  a  d is to r te d  so lenoidal d is tr ib u tio n  o ccu rs  a t  a 
f ie ld  H w hich s a t is f ie s  0 < H < H . Thus in th e ir  rem an en t s t a t e  th e se
s2 s2 sl
p a r tic le s  have ze ro  n e t m om ent and e x is t  in only a sing le so leno idal s ta te .
The h y s te re s is  loops o f th e se  p a r tic le s ,  one of w hich is show n in f ig . 
5.10(a) and  w hose shape we deno te  a s  type  C, look qu ite  d if fe re n t  fro m  th e
h y s te re s is  loops of th e  o th e r 4^im long p a r tic le s  w hich a re  show n in fig . 
5 .10(c), (d) and (e).
D a ta  on th e  values of H and RM fo r  vario u s  4 and 3fim long p a r tic le s  a re
S
given in ta b le s  5 .3 (a) and (b).
5 .3 .4  SUMMARY AND DISCUSSION
F igs. 5 .6 , 5 .9 and 5.10 show q u ite  d if fe re n t  h y s te re s is  loops have been
o b ta in ed  fo r  p a r tic le s  of d if fe re n t  shapes and sizes. However, th e  a b ility  
to  o bserve  th e  dom ain s t ru c tu re  th ro u g h o u t th e  m ag n e tisa tio n  p ro cess  has 
show n th a t  r a th e r  s im ila r dom ain s t ru c tu re s  e x is t  in a ll p a r tic le s .  What 
changes is th e  fie ld  ran g e  over w hich each is s tab le . Thus fo r  p a r tic le s
su p p o rtin g  h y s te re s is  loops of e ith e r  type B o r C, tra n s i t io n s  fro m  a
so leno idal to  a non-so leno idal s t ru c tu re  occur a t  a f ie ld  value o f H w h ils t
sl
th o se  fro m  a  non-so leno idal to  a  so lenoidal s t ru c tu re  occur a t  a  f ie ld  value
o f H . H can be nega tive  (type B) o r positive  (type C), b u t i ts  m agnitude
m ust be less th an  th a t  o f H . The c h a ra c te r is t ic  w ays in w hich th e se  tw o
sl










































Fig. 5.11 show s sch em atica lly  th e  dom ain s t ru c tu re  ju s t  below  and above H .si
The key to  th e  ir re v e rs ib il ity  o f th e  p ro cess  is th e  loss o f th e  180° w all 
fro m  th e  c e n tra l  sec tion  o f th e  p a r tic le ,  and i ts  rep lacem en t by a  reg io n  of 
u n ifo rm  m ag n e tisa tio n  a c ro ss  th e  w id th  o f th e  p a r tic le . The tra n s i t io n  back 
to  a  d is to r te d  solenoidal s t r u c tu r e  th en  involves th e  re g en e ra tio n  o f a  180° 
w all. Based on o b serv a tio n s such as  th o se  shown in fig s . 5 .4  and 5.5, th e  
p ro c ess  beg ins close to  th e  curved  sec tio n s  of w all in th e  com plex end dom ain 
s t ru c tu re .  Two such p o in ts  a r e  deno ted  by N and N’ in fig . 5.12(a). 
A lthough th e  ac tu a l t ra n s i t io n  is too  ra p id  to  observe, ju s t  b e fo re  i t  
happens th e re  is dom ain g ro w th  involving m otion o f th e  po in t N to w a rd s  th e  
c e n tre  o f th e  p a r tic le . I t  seem s re aso n ab le  th a t  g row th  should occu r in th is  
reg io n  a s  th e  to rq u e  ex e rte d  by th e  to ta l  in te rn a l f ie ld  on th e  sp ins betw een  
th e  tw o  sec tio n s  of curved  w all is likely to  be considerab le . The dom ain 
s t r u c tu r e  a f t e r  th e  re in tro d u c tio n  o f th e  180° w all is shown in fig . 5.12.(b) 
and  (c). In bo th  cases th e  la rg e r  dom ain is p a ra lle l to  th e  app lied  f ie ld . 
H ow ever, as  th e  t ra n s i t io n  o ccu rs  when Hs2 is positive  fo r  p a r tic le s  
su p p o rtin g  a  type  C loop and when i t  is neg a tiv e  fo r  p a r tic le s  w ith  a  ty p e  B 
loop, th e  equ ilib rium  p o sitio n  of th e  new ly g en e ra ted  w all d i f f e r s  in th e  tw o  
cases .
From  o b se rv a tio n s  such as  th e se  i t  is possib le  to  suggest w h a t happens in th e  
ca se  o f p a r t ic le s  w ith  a type A loop. E x tra p o la tin g  fro m  w h a t is observed  
fo r  ty p e  B p a r tic le s  it  ap p e a rs  th a t  once a  180° w all is g en e ra ted , no 
eq u ilib riu m  position  e x is ts  fo r  i t  betw een  th e  sides of th e  p a r tic le .
In s tead  i t  sw eeps s tra ig h t  ac ro ss , touches th e  o th e r side and is im m ediately  
e ra d ic a te d  leaving th e  s t ru c tu re  shown schem atically  in fig . 5.12(d).
A nother w ay o f ex p ressin g  th is  is th a t  |H > I I  f ° r  th ese  p a r tic le s  and 
a s  such  th e  so lenoidal s ta te  is never s tab le .
The f ie ld s  a t  which tra n s i t io n s  betw een  th e  various s t ru c tu re s  ta k e  p lace 
depend on th e  shape of th e  p a r tic le . The to ta l  fie ld  a t  a  p o in t in a
p a r tic le  is th e  vec to r sum of th e  applied  f ie ld  and th e  local dem agnetising




Fig. 5.11 Schematic magnetisation distribution (a) just below and 
(b) just above H^.
Fig. 5.12 Schematic magnetisation distribution (a) before the 
transition from a non-solenoidal magnetisation distribution, 
(b) just above H for a particle with a type C hysteresis
s 2
loop, (c) just above H for a particle with a type B
s 2
hysteresis loop, and (d) just above for a particle with a 
type A hysteresis loop.
s t ru c tu r e ,  even in ze ro  app lied  fie ld . F o r th e  p a r tic le s  un d er co n sid e ra tio n
h e re  th e  dem agne tising  fie ld  a r is e s  m ainly  fro m  volume m agnetic  ch a rg e  in th e  
reg io n  w h ere  th e  dom ain w alls  curve to w a rd s  th e  ends of th e  p a r tic le . (Note 
th a t  th e  end dom ain s t ru c tu re  en su res  th a t  th e re  is l i t t le  o r  no s u r fa c e  
m ag n e tic  ch a rg e  as  would be th e  case  in a  un ifo rm ly  m agnetised  p a r tic le .  The 
a c tu a l fo rm  of th e  m ag n e tisa tio n  d is tr ib u tio n  in th e  v ic in ity  o f th e  end 
c lo su re  s t ru c tu re  w ill be d iscussed  in g re a te r  d e ta il in sec tio n  5 .4 .3 .)  
A lthough th e  dem agnetising  f ie ld  is n o n -u n ifo rm  and cannot be re la te d  sim ply 
to  th e  d im ensions of th e  p a r tic le  (Van den Berg (1984)), guided by th e  
ca lc u la tio n s  of Rhodes and R ow lands (1954), i t  can be show n th a t  i ts  
m ag n itu d e  in c re ases  both  w ith  p a r tic le  th ick n ess  and w idth . Thus, i f  th e  
tr a n s i t io n  fro m  a  non-so leno idal s ta te  occu rs when th e  to ta l  f ie ld  in th e
p a r tic le  a t  p o in ts  such as  N in fig . 5.12(a) re ach es  a  c r i t ic a l  value, th e
f ie ld  th a t  m ust be applied  to  cause  th e  tra n s i t io n  w ill depend on th e  
p a r tic le  dim ensions.
Exam ining  th e  re s u lts  in ta b le s  5.1(a) and (b), fo r  p a r tic le s  o f 17nm 
th ick n ess  w h ere  non-so leno idal s ta te s  w ere  observed  th ro u g h o u t, th e  a rg u m en t 
above su g g es ts  th a t  as  th e  dem agnetising  f ie ld  d ec rea ses  w ith  in c re a s in g  R, 
th e  sw itch in g  fie ld  H should in c re a se  w ith  R. This is in acco rd an ce  w ith
S
o b serv a tio n . F or tab le  5 .2  a  s lig h tly  m ore com plex s itu a tio n  e x is ts  in th a t  
bo th  ty p e  A and B h y s te re s is  loops a re  observed. However, th e  ta b le  show s 
th a t  th e  tra n s i t io n  from  a  p a r tic u la r  non-so leno idal s tru c tu re  o ccu rs  a t  an 
app lied  f ie ld  whose m agnitude in c re ases  m onotonically  from  1.2 to  5.7kA.m  
as  R in c re a se s  from  3.8  to  16. This is aga in  co n sis ten t w ith  th e  ex p lan a tio n  
o f th e  t ra n s i t io n  o ccu rrin g  when th e  in te rn a l fie ld  reach es  a  p a r t ic u la r  
value. A s im ila r v a ria tio n  w ith  R is seen  in tab le  5 .3 fo r  95nm th ick  
p a r tic le s ,  although  h ere  th e  tra n s i t io n  fro m  th e  non-so leno idal s t ru c tu re  
o ccu rs  f o r  th e  tw o p a r tic le s  w ith  th e  low est values of R w h ils t th e  app lied  
f ie ld  is  p a ra lle l,  not opposing, th e  m ag n e tisa tio n  in the  c e n tra l p o rtio n  of
th e  p a r tic le . In th ese  tw o p a r tic le s  th e  dem agnetising  fie ld  is su ff ic ie n tly  
s tro n g  th a t  it  m ust be o f f s e t  by a positive  applied  f ie ld  to  s ta b il is e  th e
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no n -so len o id a l s t ru c tu re  a t  a ll in th e se  tw o  p a r tic le s .
It should  a lso  be no ted  th a t  as  th e  d im ensions o f p a r tic le s  w ith  a  p a r tic u la r  
a sp e c t r a t io  is d ec rea sed , th e  value o f H in p a r tic le s  w ith  type  A h y s te re s is
S
loops, and  Hsz in type B, in c re ases . This a r is e s  due to  th e  f a c t  th a t  as 
th e  d im ensions of th e  p a r tic le  d ec rea se , th e  to ta l  am ount of volume ch a rg e  in 
th e  end c lo su re  s t ru c tu re s  d ec rea ses . T his h as  th e  e f fe c t  of d ec rea s in g  th e  
m agn itude o f th e  dem agnetising  f ie ld  in th e  p a r tic le , hence th e  m agn itude o f 
th e  sw itch in g  fie ld  in creases . T h a t th e se  a re a s  become c lo se r to g e th e r  does 
no t s ig n if ic a n tly  a f f e c t  th e  value o f H^, as th e  re v e rsa l ap p ea red  to  
o r ig in a te  a t  p o in ts  N and N’ in f ig . 5.12.
The d if fe re n c e  in behaviour of th e  th re e  th ick n esses  of p a r tic le s  can  be 
a t t r ib u te d  p a r tly  to  th e  ra p id  in c re ase  in dem agnetis ing  fie ld  w hich occu rs 
w ith  in c re a s in g  th ickness. Thus, fo r  th ic k e r  p a r tic le s , tra n s i t io n s  fro m  th e  
n o n -so len o id a l s ta te  ten d  to  occur a t  low er values of re v e rse  app lied  fie ld , 
o r  f o r  th e  le a s t  ac ic u la r  p a r tic le s , they  occur b e fo re  th e  f ie ld  is  re v e rsed  
a t  a ll. However, th e  o th e r f a c to r  w hich m ust be tak en  in to  accoun t w hen 
co m p arin g  th e  behaviour o f p a r tic le s  o f d if fe re n t  th ick n ess is  th e  f a c t  th a t  
th e  dom ain w all type  and e n e rg y /u n it a r e a  bo th  change w ith  th ick n ess  (H ubert 
(1970)). T his has a  pro found  in fluence on th e  ran g e  over w hich th e  
so leno idal and non-so leno idal s t ru c tu re s  a re  each  s ta b le  and in p a r tic u la r  
w ith  w hich s ta te  is found a t  rem anence.
It  is u se fu l to  consider w hat co n trib u tio n s  th e re  a re  to  th e  to ta l  m agnetic  
energy  o f a  p a r tic le  in each s ta te .  In th e  so lenoidal s ta te  th e re  is n e ith e r  
a  n e t volum e nor a s u r f  ace m agnetic  ch a rg e  so th a t  th e  m a g n e to s ta tic  energy  
o f th e  p a r tic le  can be tak en  as  zero ; indeed, fo r  perm alloy p a r tic le s  of 
neg lig ib le  an iso tro p y , th e  to ta l  m agnetic  energy  of a p a r tic le  w ith  a 
so leno idal dom ain s tru c tu re  co n sis ts  of dom ain w all energy alone (Van den 
B erg (1987)). I t should be no ted  th a t  th e  p o ssib ility  of s u r fa c e  ch a rg e  
a r is in g  fro m  out o f plane com ponents o f m ag n e tisa tio n , e.g. in c ro s s - t ie  
w a lls , and  also  th e  po ssib ility  of m ag n e to s ta tic  charge a sso c ia te d  w ith  
ch a rg ed  w a lls  a re  accounted fo r  in th e  w all energy  density  te rm . W hilst
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dom ain w all energy  is a lso  p re se n t in p a r tic le s  w ith  a  non-so leno idal 
s t ru c tu re ,  th e re  is now a  c o n trib u tio n  w hich is m ag n e to s ta tic  in o rig in  and 
is a s so c ia te d  w ith  th e  d em agne tising  fie ld  a lread y  discussed . As th e  
th ick n ess  o f th e  p a r tic le s  in c re ases , th e  r a t io  o f th e  w all e n e rg y /u n it a r e a  
to  th e  d em ag n e tis in g  energy ten d s  to  d ec rea se . Thus, fo r  a given value o f R, 
th e  f ie ld  ra n g e  over w hich th e  so leno idal s t ru c tu re  is fav o u red  w ould be 
ex p ec ted  to  in c rease  fo r  p a r t ic le s  o f g re a te r  th ickness. E xam ination  of 
ta b le s  5.1, 5 .2  and 5.3 co n firm s th a t  th is  is observed  in p rac tice .
F ina lly , ta b le s  5.1, 5 .2  and 5 .3  show  th a t  fo r  p a r tic le s  of a ll th ick n esses  
th e re  is a  g en e ra l in c rease  in sq u a ren ess  w ith  R. This sim ply r e f le c ts  th e  
f a c t  th a t  th e  fo rm  of th e  end dom ains in a ll th e  non-so leno idal s t ru c tu re s  is 
very  s im ila r . A lthough a  m ore d e ta iled  d esc rip tio n  w ill be given in sec tio n  
5 .4 .3 , i t  can  re ad ily  be seen th a t  th e  end c lo su re  s tru c tu re s  ex ten d  in to  th e  
c e n tre  o f th e  p a r tic le  a d is tan ce  ap p ro x im a te ly  equal to  th e  w id th  o f th e  
p a r tic le .  I t  th en  fo llow s th a t  fo r  p a r tic le s  o f fix ed  length , th e  len g th  o f 
th e  u n ifo rm ly  m agnetised  c e n tra l  reg io n  o f th e  p a r tic le  in c re a se s  w ith  R. 
Hence a s  th e  p a r tic le  becom es m ore a c ic u la r , th e  value o f th e  rem an en t RM of 
th e  p a r t ic le  ap p ro ach es i ts  m axim um  value.
5 .4  MAGNETO-OPTIC IMAGING OF 60nm THICK Ni Fe c PARTICLES
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One o f th e  m ost in te re s tin g  dom ain s t ru c tu re s  found  in th e  p a r tic le s  w ere  th e  
ty p e  II dom ain s tru c tu re s . U n fo rtu n a te ly , a  d ire c t  re s u lt  o f th e  c o n tra s t  
m echanism  in bo th  th e  F resne l and F oucau lt im aging modes m eans th a t  i t  is 
p a r tic u la r ly  d if f ic u lt  to  produce q u a n tita tiv e  induction  m aps using  e ith e r  
techn ique . A fu r th e r  d iff ic u lty  w ith  any o f th e  modes of L o ren tz  m icroscopy 
is th a t  th e  e lec tro n  in te ra c ts  w ith  induction  r a th e r  th an  m ag n e tisa tio n , and 
hence p roducing  a m ag n e tisa tio n  m ap is a  m ost com plex problem . To 
in v e s tig a te  f u r th e r  th e  reg ion  o f th e  sam ple n e a r  and around  th e  curved  
dom ain w all, it  would be p a r tic u la r ly  b en e fic ia l if  a m ag n e tisa tio n  m ap 
aro u n d  th is  reg io n  could be ob tained .
71
A lthough th e  m ag n e to -o p tic  K err m icroscopy  techn ique is one m ethod o f 
ach iev ing  th is , tw o  in itia l p roblem s had  f i r s t  to  be overcom e. F ir s tly  in 
th e  g ro u p s o f p a r tic le s  d esc rib ed  in c h a p te r  4 and sec tion  5.3, th e  only 
p a r tic le s  w hich had non-so leno idal dom ain s t ru c tu re s  gen era lly  had  th e ir  
sm a lle r  in -p lan e  dim ension < lpm . As th e  re so lu tio n  of th e  K err M -0 
tech n iq u e  is ~0.3pm , p a r tic le s  o f th is  s ize  obviously a re  no t su itab le . 
Hence th e  p a r tic le s  w hich w ere  sub seq u en tly  used in th e  K err m icroscope had  
to  be m ade co n sid erab ly  la rg e r. W ith th e  fa b r ic a t io n  technique d esc rib ed  in 
sec tio n  3 .3 , th e  size  o f th e  p a r tic le s  can be in c reased  sim ply by d ec rea s in g  
th e  m ag n ific a tio n  of th e  SEM and re a d ju s tin g  th e  dwell tim e p er p ixel. The 
m ag n ific a tio n  o f th e  SEM w as d ec reased  by a f a c to r  of 8, and th is  re s u lte d  in 
th e  la rg e s t  p a r tic le  in PAT1 being 32pm  sq u are ; th e  m ost a c ic u la r  p a r tic le  
w as 32pm  by 2pm.
In th e  n o rm al fa b r ic a tio n  p ro cess  th e  p a r tic le s  a re  on a  S i3N4 s u b s tra te .  
U sing o il-im m ers io n  K err m icroscopy th is  th in  f r a g ile  su p p o rt is n e ith e r  
n e c e ssa ry  n o r d es ira b le , and hence w as re p la ced  by a th ick  GaAs s u b s tra te .  
T his m ade th e  sam ples much m ore ro b u s t, and su ita b le  f o r  ana lysis . P r io r  to  
ex am in a tio n  in th e  K e rr m icroscope, th e  sam ples w e re  coa ted  w ith  a  th in  lay e r 
o f ZnS w hich  a c ts  a s  an a n ti- re f le c tio n  layer.
Im ages w e re  o b ta in ed  using a  Hg d isch arg e  lam p as  th e  illum ination  source. 
With th e  sam ple im m ersed in oil, (y ield ing a  num erical a p e r tu re  o f 1.25) 
using  th e  g reen  and yellow  m ercu ry  lines, th e  re so lu tio n , acco rd ing  to  th e  
R ayleigh c r ite r io n , (G artenhaus (1977)), is abou t 0.3pm . P o la rised  
illu m in a tio n  is inciden t on th e  specim en and c o n tra s t  is g en e ra te d  by 
an a ly sin g  th e  v a r ia tio n s  of th e  angle o f p o la r is a tio n  in th e  re f le c te d  beam . 
(The c o n tra s t  m echanism  is d iscussed  in g re a te r  depth  in sec tio n  5 .4 .3 .)  
S u p e rf ic ia lly  w h ils t bo th  K err M -0 and F oucau lt im ages ap p ear q u ite  s im ila r , 
i t  shou ld  be no ted  th a t  th e  K err M -0 im ages m ap com ponents o f s u rfa c e  
m ag n e tisa tio n , w h ils t th e  F oucau lt im ages m ap spec ific  com ponents of 
induction  in te g ra te d  along th e  e le c tro n ’s d irec tio n . Section 5.4.1 d esc rib es  
th e  a s -g ro w n  dom ain s tru c tu re  o f th e  la rg e r  60nm  th ick  p a r tic le s  used  fo r
72
an a ly s is  u sing  K err m icroscopy. The dynam ic behaviour o f th e se  la rg e r  
p a r tic le s  w e re  a lso  analysed  and som e re s u lts  a re  d esc ribed  in sec tio n  5.4.1. 
The re m a n en t dom ain s t ru c tu re s  fo llow ing  an  a .c . d em ag n e tisa tio n  along  e ith e r  
th e  easy  o r h a rd  ax es  a re  d esc rib ed  in sec tio n  5 .4 .2 . F inally  in sec tio n  
5 .4 .3  th e  K e rr m icroscope w as used  to  p rov ide s u r fa c e  m ag n e tisa tio n  m aps fro m  
som e o f th e  m ore in te re s tin g  dom ain s tru c tu re s .
5.4.1 AS-GROWN STRUCTURES AND DYNAMIC EXPERIMENTS
The a r r a y  o f p a r tic le s  w hich c o n s ti tu te  PAT1 w ere  f  a b r ic a te d  a t  v a rio u s 
d if f e r e n t  m ag n ifica tio n  s e ttin g s  o f th e  SEM. The la rg e s t  p a r tic le  w as 32pm  
sq u are ; a ll  p a r tic le s  d esc ribed  in sec tio n  5 .4  a re  60nm th ick . In th e ir
a s -g ro w n  s ta te s ,  a ll o f th e  p a r tic le s  having R ^ 5 had solenoidal s t ru c tu re s  
o f th e  ty p e  w hich would be exp ected  fo r  p a r tic le s  w ith  th e ir  p a r t ic u la r  R
value. In sh o rt,  f o r  th e  ra n g e  of d im ensions in v estig a ted , th e  dom ain 
s t r u c tu r e  o f a  32pm long, R = (*) p a r tic le , is q u ite  s im ila r to  a  4pm  long, 
o r  any  o th e r  leng th  o f p a r tic le , w ith  R = (*).
In a  s im ila r  fa sh io n  to  th e  60nm  th ick  p a r tic le s  d esc ribed  in sec tio n  4 .2 .2 , 
th e  change fro m  solenoidal to  n o n-so leno idal a s -g ro w n  dom ain s t ru c tu re s  
o cc u rre d  w hen th e  in -p lan e  a sp ec t r a t io  exceeded  ap p ro x im a te ly  5.
A num ber o f dynam ic exp erim en ts w ere  conducted  on th e  la rg e r  p a r tic le s  to  
v e r ify  th a t  th e ir  dynam ic behavior w as in f a c t  s im ila r  to  th e  sm a lle r (4pm to  
lpm  long) p a r tic le s  in v estig a ted  using TEM, and w hich w ere d esc rib ed  in 
sec tio n  4 .3 .2 . Shown in fig . 5.13 is th e  a s -g ro w n  dom ain s tru c tu re  o f a  32pm 
sq u a re  p a r tic le . Although th is  s t ru c tu re  e sse n tia lly  co n sis ts  of 90° w alls, 
th e re  is  a  sm all sec tio n  of "tulip" (H ubert (1990)) w all in th e  co rn e r m arked  
A. A sch em atic  d iagram  of th is  type  o f w all is shown in fig . 5.14. The
"tu lip" w all w as never found in th e  sm all p a r tic le s  described  in sec tio n  5.3
and c h a p te r  4, b u t reg u la rly  o ccu rred  in 32pm  and 24pm long p a r tic le s . It 
o cc u rre d  less freq u en tly  as th e  dim ensions o f th e  p a r tic le  d ec reased  and th e  
d if fe re n c e  betw een  "tulip" w alls  and th e  45° w a lls  of fig . 4 .22 should be
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F ig . 5 .1 3  K e rr  M-0 im age show ing th e  a s-g ro w n  dom ain s t r u c t u r e  o f  a  
32fxm s q u a re ,  60nm th i c k  p a r t i c l e .
Fig. 5.14 Schematic diagram showing the directions of magnetisation 
near a "tulip" wall.
noted .
Upon su b je c tin g  th e  32pm sq u are  p a r tic le  to  an  app lied  fie ld , th e  p a r tic le  
behaves q u ite  s im ila r ly  to  th e  sq u a re  p a r tic le s  d esc rib ed  in sec tio n  4 .3 .2 , 
and ag a in  a s h o r t  leng th  o f c ro s s - t ie  w all is in tro d u ced  as  th e  Bloch line is 
fo rc e d  c lose  to  th e  edge o f th e  p a r tic le , f ig . 5.15. A s lig h t d iffe re n c e
b etw een  th e  m agnetic  behaviour o f th is  p a r tic le  and th e  sm a lle r p a r tic le s  
o ccu rs  once th e  c ro s s - t ie  w all touches th e  edge o f th e  p a r tic le . In th is  
ca se  th e  dom ain s t ru c tu re  is as  shown in fig . 5.16. Although a  p a r t  o f th e  
c r o s s - t ie  w all no longer ex is ts , p a r ts  s t i l l  rem ain , and th e  dom ain s t ru c tu re  
is q u ite  d if f e re n t  fro m  fig . 4 .6(h), w hich show s a  4pm sq u are  p a r tic le  ju s t  
a f t e r  th e  co llapse  o f th e  c ro s s - t ie  w all. A p art fro m  th is  d iffe re n c e , th e  
behav iou r o f th e  la rg e r  p a r tic le  in th e  p re sen ce  o f an applied  f ie ld  is q u ite  
s im ila r  to  th e  sm a lle r p a r tic le s  and ag a in  th e  rem an en t dom ain s t r u c tu r e  is 
found  to  be id en tica l to  th e  s ta r t in g  co n fig u ra tio n .
U nder th e  in fluence of an applied  fie ld , m ost o f th e  p a r tic le s  d isp layed
b eh av io u r w hich w as in gen era l q u ite  c h a ra c te r is t ic  o f th e ir  th ick n ess  and 
in -p lan e  a sp e c t ra tio .  However an o th e r s lig h t d iffe re n c e  em erged a s  th e se  
la rg e r  p a r tic le s  approached  th e  tra n s i t io n  fro m  non-so leno idal to  so lenoidal
s ta te s .  P rev ious ex p e rim en ts  on re la tiv e ly  la rg e  p a r tic le s  (Van den Berg 
(1984)) had  d em o n stra ted  th e  ex is ten ce  o f a  "concertina" s t ru c tu re ,  (an 
exam ple o f which is shown in fig . 5.17), ju s t  p r io r  to  th is  t r a n s i t io n  
o ccu rrin g . In th e  sm alle r s e ts  o f p a r tic le s  desc rib ed  in sec tio n  5.3 , th e  
beg inn ings o f a co n certin a  s t ru c tu re  could be observed, p a r tic u la r ly  in 
p a r tic le s  w ith  type B h y s te re s is  loops, b u t th e  s tru c tu re  w as n o t as  
ex ten s iv e  a s  th a t  shown both  by Van den B erg (1984) o r th e  p a r tic le  in fig . 
5.17. In th e  case  of th e  la rg e r  p a r tic le s  exam ined  in th e  K err m icroscope, 
t r a n s i t io n s  fro m  non-so lenoidal to  so lenoidal s ta te s  freq u en tly  o ccu rred  via 
a  c o n c e rtin a  s tru c tu re . Shown in f ig . 5.18(a) and (b) is th e  dom ain 
s t ru c tu r e  o f a  32 by 8pm p a r tic le  ju s t  b e fo re  and ju s t  a f te r  th e  t ra n s i t io n  
fro m  n o n-so leno idal to  solenoidal type dom ain s tru c tu re s .  These tw o im ages 
should  be com pared  to  fig . 5.12(a) and(b), w hich show a 4 by lpm  p a r tic le
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Fig. 5 .1 5  K e rr im ag e  show ing th e  dom ain s t r u c t u r e  o f  a  32pm s q u a re  
p a r t i c l e  j u s t  p r i o r  to  th e  c o l l a p s e  o f  th e  le n g th  o f  
c r o s s - t i e  w a l l .
n
Fig. 5.16 Kerr M-0 image of the 32pm particle just after the collapse 
of the cross-tie wall.
(b )
F ig . 5 .1 7  ( a )  K e rr M-0 image show ing a " c o n c e r t in a "  s t r u c t u r e .
(b ) S ch em atic  r e p r e s e n t a t i o n  o f  th e  d i r e c t i o n s  o f
m a g n e t is a t io n  in  a c o n c e r t in a  s t r u c t u r e .
(b )
Fig. 5 .1 8  K e rr M-0 im ages from  a 32 by 8pm p a r t i c l e  j u s t  b e f o r e  and 
j u s t  a f t e r  th e  t r a n s i t i o n  from  n o n -s o le n o id a l  to  s o l e n o id a l  
dom ain s t r u c t u r e s .
b e fo re  and  a f t e r  having undergone th e  sam e tra n s i t io n . A lthough th e  la rg e r  
of th e  tw o  p a r tic le s  h as R = 4 and a  ty p e  B h y s te re s is  loop, c o n c e rtin a  
s t r u c tu r e s  a re  no t confined  only to  p a r tic le s  w ith  type B h y s te re s is  loops. 
Fig. 5.19 show s a  32 by 16pm p a r tic le  (w hich h as  a  type C h y s te re s is  loop), 
ju s t  p r io r  to  th e  t ra n s i t io n  fro m  a n o n -so len o id a l to  a  so lenoidal dom ain
s t ru c tu r e  w hich co n ta in s  a s h o rt leng th  o f c r o s s - t ie  w all. This p a r t ic u la r
p a r tic le  h a s  a  L an d a u -L ifsh itz  rem an en t dom ain s tru c tu re .  The p a r tic le  can 
a lso  e x is t  in a rem an en t dom ain s t r u c tu r e  w hich co n s is ts  o f 90° w a lls  and  i ts  
dynam ic behav iou r when ex is tin g  in th is  ty p e  o f s ta r t in g  dom ain s t ru c tu re  is 
very  s im ila r  to  th e  4 by 2pm p a r tic le  d esc rib ed  in fig . 4.8. The K err im age 
co rre sp o n d in g  to  fig . 4 .8(g) -  a f te r  th e  in tro d u c tio n  of a  leng th  o f
c r o s s - t ie  w all is given in fig . 5 .20 . Upon re d u c tio n  of th e  app lied  f ie ld  to
ze ro , th e  p a r tic le  has a  rem an en t dom ain s t r u c tu r e  w hich co n sis ts  e n tire ly  o f 
90° w a lls , a s  would be expected  fo r  a  p a r t ic le  w ith  R = 2, in w hich th e  end 
dom ains a re  m ag n e tised  in th e  sam e d irec tio n .
As th e  p a r tic le s  become m ore a c ic u la r , th e  developm ent o f th e  c o n c e rtin a
s t ru c tu r e  along  th e  leng th  of th e  p a r tic le  becom es le ss  ex tensive . The 32 by 
2pm  p a r t ic le  h as  a  type  A h y s te re s is  loop, and th e  co n ce rtin a  s t r u c tu r e  is 
n o t observed .
5 .4 .2  HARD AND EASY AXIS A.C. DEMAGNETISATIONS
The la rg e  p a r tic le s  used fo r  s tudy  using  dynam ic ex p erim en ts  in th e  K err 
m icroscope w ere  a lso  s tud ied  in th e ir  a .c . dem agnetised  s ta te s .  Again
p a r tic le s  w e re  dem agnetised  along th e  easy  and  h a rd  ax es, and each case  w ill 
be d esc rib ed  se p a ra te ly  in sec tio n s  5.4.3.1 and 5 .4 .3 .2 .
5 .4 .3 .1  EASY AXIS DEMAGNETISATION
The a.c. dem agnetised s ta te s  of an a rra y  of 60nm thick ^ 82 5^ e175 P artic les  
w ith  R = 1 to  16 and long in-plane dimension equal to  32, 24, 16, 12 and 8pm
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(a)
F ig . 5 .1 9  K e rr M-0 im age from  a  32 by 16/im p a r t i c l e  j u s t  b e f o r e  th e  
t r a n s i t i o n  from  n o n - s o le n o id a l  to  s o le n o id a l  dom ain 
s t r u c t u r e s .
* V -▼ f
F ig . 5 .2 0  K e rr  M-0 im age o f  a 32 by 16pm p a r t i c l e  w ith  a s h o r t  le n g th  
o f  c r o s s - t i e  w a l l .
w ere  an a ly sed . From  p rev ious re s u l ts  (sec tio n  4 .4 .3 ), i t  w as ex p ected  th a t  
th e  t r a n s i t io n  fro m  so lenoidal to  no n -so len o id a l rem an en t s ta te s  w ould occur 
when th e  value o f in -p lan e  a sp ec t r a t io  exceeded  ap p ro x im a te ly  5. In f a c t  
th e  a .c . d em agne tised  s ta te s  of th e  la rg e r  p a r tic le s  w ere  very s im ila r  to  
th o se  o f th e  sm a lle r  ( < 4pm long) p a r tic le s ,  and th e  only d iffe re n c e  o f no te  
is th a t  th e  "tu lip" w alls  o ccu rred  m ore f re q u e n tly  in th e  la rg e r  p a r tic le s . 
The t r a n s i t io n  fro m  solenoidal to  no n -so len o id a l rem an en t s ta te s  o ccu rred  a t  
ap p ro x im a te ly  R = 4 fo r  th e  4/im long p a r tic le s  and th e  sam e tra n s i t io n  
o cc u rre d  a t  ap p ro x im a te ly  R = 8 fo r  th e  32pm  long p a r tic le s . A ta b le  show ing 
th e  le a s t  a c ic u la r  p a r tic le  having a  n o n -so len o id a l s t ru c tu re  is given in 
ta b le  5 .4 .
5 .4 .3 .2  HARD AXIS DEMAGNETISATION
The re m a n en t dom ain s tru c tu re s  o f th e  p a r tic le s  d esc rib ed  above w e re  a lso  
exam ined  a f t e r  a  h a rd  ax is  a .c . d em ag n e tisa tio n . In sec tio n  4 .4 .3 , th e  
p a r tic le s  w e re  dem agnetised  using a  fie ld  w hich had  been aligned  to  ± 5°. 
The ex p e rim en ta l a rran g e m e n t a t  th e  U n iv ersity  o f E rlangen  (Germ any) enabled  
very  sm all changes to  th e  fie ld  d irec tio n  to  be m ade, and it  w as possib le  to  
a lig n  th e  ap p lied  fie ld  to  an  accu racy  o f abou t ±0.5°. This f a c t  proved very  
im p o rta n t as  th e  rem an en t dom ain s t ru c tu re s  o f th e  la rg e r, m ore ac ic u la r  
p a r tic le s  (R >; 6) w ere  very dependent on th e  e x a c t d irec tio n  of th e  app lied  
f ie ld .
When th e  fie ld  w as aligned  to  ±5° to  th e  h a rd  ax is , th e  rem an en t a .c . 
d em ag n e tised  s ta te s  o f th e  la rg e r  p a r tic le s  w ere  very s im ila r  to  th o se  
d esc rib ed  in sec tio n  4 .4 .2 . A m ore in te re s tin g  case  occu rred  how ever when 
th e  f ie ld  w as a ligned  a lm ost ex ac tly  along th e  h a rd  ax is . When th e  f ie ld  is 
a ligned  to  an  accu racy  of abou t ±0.5° to  th e  h a rd  ax is , i t  is found th a t  
a lm o st a ll o f th e  p a r tic le s  can e x is t  in so lenoidal s ta te s .  F o r those  
p a r tic le s  w hich a re  32pm long, only th e  R = 16 p a r tic le  could not e x is t  in a 
so leno idal s ta te .  In all o th e r cases  th e  type  of rem anen t so lenoidal
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TABLE 5 .4
F i r s t  p a r t i c l e s  t o  d i s p l a y  a  N o n - s o le n o id a l  s t r u c t u r e .  
60nm t h i c k  Ni F e sp e c im e n
8 2 . 5  1 7 . 5  ^
L e n g th 32 pm 24pm 16pm 12pm
E asy  (Dmag) (a ) 4 .0  pm
B re a d th  
3 . 0 pm None None
H ard  (Dmag) (a ) 2 .0  pm 2 .0  pm None None
E asy  (Dmag) (b ) 3 .0  pm 2 .0  pm None None
H ard  (Dmag) (b ) N one None None None
L e n g th 32 pm 24pm 16pm 12pm
E asy  (Dmag) (c ) 4 .0  pm
B re a d th  
2 .0  pm None None
H ard  (Dmag) (c ) 2 .0  pm None None None
E asy  (Dmag) (d ) 2 .0  pm 2 .0  pm None None
H ard  (Dmag) (d ) None None None None
L e n g th 16 pm 12pm 8pm 6pm
E asy  (Dmag) (a ) 2 .0  pm
B re a d th  
1 .5  pm 1 .0  pm None
H ard  (Dmag) (a ) 2 .0  pm None None None
E asy  (Dmag) (b ) 1 .5  pm 1 .5  pm 1 .0  pm None
H ard (Dmag) (b ) 1 .0  pm 1 .0  pm None None
L e n g th 8 pm 6pm 4pm 3pm
E asy  (Dmag) (a ) 1 .0  pm
B re a d th  
0 . 75pm 0 .5  pm None
H ard (Dmag) (a ) 0 .7 5  pm 0 .5 0  pm None None
E asy  (Demag) E asy  a x i s  d e m a g n e t i s a t io n .
H ard  (Demag) H ard  a x i s  d e m a g n e t is a t io n .
None None o f  th e  p a r t i c l e s  h ad  n o n - s o l e n o i d a l  dom ain
s t r u c t u r e s .
  T h is  g ro u p  o f  p a r t i c l e s  was n o t  s u i t a b l e  f o r
e x a m in a t io n .
(a )  an d  (b ) T h ese  a r e  two s e t s  o f  p a r t i c l e s ,  i n  th e  on e  a r r a y ,  w h ich  
w e re  f a b r i c a t e d  o r th o g o n a l ly  to  e a c h  o t h e r .
s t r u c tu r e  w hich re s u lte d  fro m  a h a rd  a x is  a .c . d em ag n e tisa tio n  w as e i th e r  a 
L an d a u -L ifsh itz  s t ru c tu re  o r one o f th e  ty p e  show n in fig . 5.21.
It should  be no ted  th a t  th e  re s u lts  depend c r it ic a lly  on th e  e x a c t d irec tio n  
o f th e  ap p lied  fie ld  w ith  re sp e c t to  th e  ax e s  o f th e  p a r tic le . Hence th e
re s u lts  o b ta in ed  w hen th e  applied  fie ld  w as d ire c te d  "along th e  h a rd  ax is" ,
e .g . sec tio n  4 .4 .2 , should be in te rp re te d  w ith  ex tre m e  ca re . In som e ca ses  
app ly ing  th e  f ie ld  a t  ap p ro x im ate ly  1° aw ay fro m  th e  h a rd  ax is  d ire c tio n  
r e s u l ts  in a  rem an en t non-so leno idal a .c . d em agne tised  s tru c tu re .
5 .4 .3  QUANTITATIVE MAGNETISATION MAPS
It h a s  been su g g ested  in various p a r ts  o f th is  th e s is  th a t  in no n -so len o id a l 
s ta te s ,  th e  end c lo su re  s t ru c tu re s  a re  p re se n t to  reduce  th e  m a g n e to s ta tic
energ y  c o n tr ib u tio n  to  th e  to ta l  energy  o f th e  p a r tic le . I t  would be highly  
b en e fic ia l i f  th e  fo rm  of th e  m ag n e tisa tio n  d is tr ib u tio n  around  th e  end 
c lo su re  s t r u c tu r e  can be found. In p ra c tic e  n e ith e r  th e  F resn e l no r F oucau lt 
m odes a r e  cap ab le  o f provid ing  such in fo rm a tio n . However, th e  la rg e
p a r tic le s  w hich  show non-so leno idal s t ru c tu re s  can  be exam ined using  
q u a n tita t iv e  K e rr m icroscopy in o rd e r to  o b ta in  s u r fa c e  m ag n e tisa tio n  m aps. 
Q u a n tita tiv e  m ag n e tisa tio n  m aps w ere  o b ta in ed  fro m  su itab le  p a r tic le s  
fo llo w in g  th e  m ethod given by Rave and H ubert (1990), a  b r ie f  o u tlin e  of 
w hich is given below.
The dependence betw een th e  to ta l  lig h t in ten s ity , ( I (rrym^) ), and th e  
m a g n e tisa tio n  d is tr ib u tio n  in a  sam ple is given by (Rave and H ubert (1990));
2 2I(m ,m ) = A + m A + m B + (m, -  m )Ao + m m B (5.2)
i t  o i i  t i  l t  2 l t  2
w h ere  m^ and a re  th e  longitud inal and tra n s v e rs e  in -p lan e  com ponents o f 
m ag n e tisa tio n . The co e ffic ien ts  A to  B^ a re  d e term in ed  by a  c a lib ra tio n  
p ro cess  in w hich th e  sam ple is s a tu ra te d  along e ig h t d if fe re n t  d ire c tio n s  of 
app lied  fie ld . The procedure  is re p ea ted  fo r  bo th  th e  long itud inal and
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Fig. 5.21 Kerr M -0 image showing the remanent domain structure of a 32 
by 3pm particle following a hard axis demagnetisation.
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Fig. 5.22 Quantitative surface magnetisation map from a 32 by lfepm 
particle. In (a) the directions of the magnetisation vector 
has been superimposed onto a Kerr M-0 image. (b) shows only 
the directions of the magnetisation vector.
t ra n s v e rs e ly  p o la rise d  inciden t ligh t.
In o rd e r  to  m ap th e  m ag n e tisa tio n  of a  p a r tic le ,  th e  p o la r is e r  and an a ly se r
s e tt in g s  a re  a d ju s te d  so th a t  th e  sam ple is f i r s t ly  illum inated  by e.g . 
lo n g itu d in a lly  p o la rised  ligh t. The p a r tic le  is th en  s a tu ra te d  along one 
p a r t ic u la r  d irec tio n , and th is  " re fe ren c e  im age" is s to re d  in an  im age 
p ro c esso r o r  com puter. (The dom ain s t r u c tu r e  m ay be rev ealed  by tak in g  a 
d if fe re n c e  s ignal betw een  th e  re fe re n c e  im age and th e  ac tu a l K err signal fro m  
an u n s a tu ra te d  p a r tic le .)  All K err M -0 im ages p re sen ted  in th is  th e s is , e .g . 
fig . 5.13, a re  d iffe re n c e  im ages, and th e  m ag n e tisa tio n  is m apped p a ra lle l to  
one edge o f th e  p a r tic le . The p a r tic le  is th en  s a tu ra te d  along seven m ore 
d i f f e re n t  d ire c tio n s  in o rd e r to  d e te rm in e  I (0), w here I (0) is th e
L /sa t  L /sa t
in te n s ity  in th e  long itud inal com ponent of th e  K e rr im age when th e  p a r tic le
is s a tu r a te d  along some d irec tio n  0 w ith  re s p e c t to  som e a r b i t r a r i ly  chosen 
ax is . A fte r  e ig h t d if fe re n t  I (0) values have been found, th e  p o la r is e r
L /sa t
and a n a ly se r  s e tt in g s  a re  then  changed so th a t  th e  sam ple is illu m in ated  w ith  
tra n s v e rs e ly  p o la rised  ligh t, and th e  im age is re co rd ed  as th e  re fe re n c e
signal. The sam ple is then  s a tu ra te d  along  th e  e ig h t d if fe re n t  d ire c tio n s  a s  
b e fo re , in o rd e r  to  determ ine I (0), w hich is th e  in ten s ity  in th e
T /sa t
t r a n s v e rs e ly  p o la rised  com ponent when th e  p a r tic le  is s a tu ra te d  along 0.
The e x p e rim en ta l in fo rm atio n  is then  p ro cessed  in a  com puter using  a 
p ro g ram m e w r i t te n  by W. Rave a t  th e  U n iversity  o f E rlangen , and th e  im ages 
a re  d isp layed  as  tw o com plem entary  g rey  sca le  im ages. M agnetisation  m aps a re  
th en  re ad ily  ob ta ined  by determ in ing , fro m  each  im age, th e  tw o  in -p lan e
com ponents o f m ag n etisa tio n . A rrow s deno ting  th e  d irec tio n s  o f th e  s u rfa c e  
m ag n e tisa tio n  in th e  sam ple can then  be superim posed  onto e ith e r  o f th e  
im ages, a s  show n in fig . 5 .22(a). An im p o rtan t po in t to  no te  is th a t  
th ro u g h o u t th is  p ro ced u re  it  has been assum ed th a t  th e  m ag n e tisa tio n  lies  in 
th e  p lane o f th e  sam ple.
The m ain  o b jec tiv e  in q u an tita tiv e ly  m apping th e  m ag n e tisa tio n  is to  
in v es tig a te  th e  end c lo su re  s tru c tu re s  in non-so leno idal d is tr ib u tio n s . As 
th e  sy stem  had not previously  been used to  in v es tig a te  such sm all sam ples,
78
tw o s im p le r dom ain s t ru c tu re s  w ere  exam ined  f i r s t .  F ir s tly  a  32 by 16pm 
p a r tic le  co n sis tin g  e n tire ly  of 90° w a lls  w as exam ined  using  th e  above 
p ro ced u re . The s u r fa c e  m ag n e tisa tio n  d is tr ib u tio n  ob ta in ed  is shown in fig . 
5 .22, and is in very  good ag reem en t w ith  w h a t w ould be expected  using th e  
a lg o rith m  o f sec tio n  1.4.2. A second p a r tic le , 32 by 6pm which had  a  
L an d a u -L ifsh itz  s t r u c tu r e  w as then  exam ined. The d irec tio n s  o f m ag n e tisa tio n  
in th e  long len g th  o f 180° c ro s s - t ie  w all a re  c lea rly  shown in fig . 5 .23. 
Both th e  v o rte x  s t ru c tu re  around  th e  Bloch lines and th e  c ro s s - t ie s  
them selves a r e  c le a r ly  shown.
A q u a n tita tiv e  m ag n e tisa tio n  map fro m  th e  n o n -so leno ida l s t ru c tu re  o f fig . 
5 .24  is show n in fig . 5.25. The sp ec if ic  reg io n  o f in te re s t ,  th e  end c lo su re  
s t r u c tu r e  w as exam ined in m ore d e ta il  using  h ig h er d ensity  sam pling and is 
show n in fig . 5 .26(b). It can c lea rly  be seen fro m  th is  s t ru c tu re  th a t  c lose 
to  th e  Bloch line a t  A, th e re  a re  fo u r  d is tin c t 90° w alls. In th e  dom ain 
w ith  th e  cu rv ed  dom ain w alls , th e  m ag n e tisa tio n  can  be seen to  r o ta te  to w ard s  
th e  d ire c tio n  o f th e  c e n tra l dom ain. The g rad u a l ro ta tio n  o f th e  
m ag n e tisa tio n  th ro u g h o u t th is  dom ain r e s u l ts  in V. _M_ * 0, and hence volume 
ch a rg e  is  d is tr ib u te d  th ro u g h o u t th is  dom ain. L ittle  s u rfa c e  ch a rg e  is 
p re se n t in th is  ty p e  o f dom ain s tru c tu re .
5 .4 .4  SUMMARY
The M -0 fa c i l i t ie s  a t  th e  U niversity  o f R egensburg, Germ any, enabled valuab le 
in fo rm a tio n  to  be g a th e re d  concerning th e  dom ain s t ru c tu re  o f bo th  so lenoidal 
and no n -so len o id a l dom ain s tru c tu re s .  A lthough th e  re so lu tio n  o f th e  im aging 
tech n iq u e  m ean t th a t  p a r tic le s  la rg e r  th an  w ere  exam ined in th e  TEM w ere  
stu d ied , th e ir  behav iour in th e  p resence o f an app lied  fie ld  w as in g en e ra l 
c h a ra c te r is t ic  fo r  a ll values of R, a lthough  th e re  w ere  s lig h t v a r ia tio n s  
in tro d u ced  a s  th e  dim ensions of a  p a r tic le  w ith  a  sp ec if ic  R value a re  
v aried . P robab ly  th e  m ost valuable in fo rm atio n  w hich w as given by th e  K err 




Fig. 5.23 (a) Kerr M-0 images from a 32 by 6pm particle which has a 
long section of 180 cross-tie wall.
(b) The directions of magnetisation deduced from Kerr M-0 
images from the 32 by 6pm particle.
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F ig . 5 .2 4  Two K e rr M-0 im ages o f  a  32 by 6 (jm p a r t i c l e  w hich h a s  a 
n o n - s o le n o id a l  dom ain s t r u c t u r e .  (b )  maps m a g n e t i s a t io n  
p a r a l l e l  to  th e  long  a x i s  o f  th e  p a r t i c l e .  ( a )  maps 
com ponents p a r a l l e l  to  th e  s h o r t  a x i s .
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F ig . 5 .2 6  E n la rg e m en t o f  th e  end  c lo s u r e  s t r u c t u r e  o f  th e  p a r t i c l e  
ab o v e . ( a )  h a s  th e  d i r e c t i o n s  o f  th e  v e c to r  su p e rim p o sed  on 
to p  o f  th e  im age, w h ile  (b ) shows o n ly  th e  d i r e c t i o n s  o f  th e  
m a g n e t i s a t io n  v e c to r .
m ag n e tisa tio n  m aps fro m  v ario u s s t ru c tu re s  w e re  p roduced  and th e  fo rm  o f th e  
end c lo su re  s t ru c tu re ,  f ig . 5.26, enabled  th e  m ag n e tisa tio n  d is tr ib u tio n  in 
th e  v ic in ity  o f th e  end o f th e  p a r tic le  to  be d e term in ed .
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CHAPTER 6
EXPERIMENTAL STUDIES ON Co PARTICLES
6.1 INTRODUCTION
C h ap te rs  4 and 5 d escrib ed  th e  dom ain s t ru c tu re s  o f num erous Ni Fe
8 2 .5  17.5
p a r tic le s . The p a r tic le s  w ere  s tu d ied  in th e ir  a s -g ro w n  and rem an en t s ta te s  
as  w ell a s  d u rin g  in -s i tu  m agnetising  ex p e rim en ts . As th e  Ni Fe
8 2 .5  17.5
p a r tic le s  have neg lig ib le  m ag n e to c ry s ta llin e  an iso tro p y  and m ag n e to s tric tio n ,
th e  m ag n etic  p ro p e r tie s  o f th ese  p a r tic le s  a re  p r im a rily  influenced  by th e
shape o f th e  p a r tic le . In o rd e r to  exam ine th e  dom ain s t ru c tu re  and m agnetic
behav iou r o f th e  p a r tic le s  when they  w ere  m ade o f a  d if fe re n t  m a te r ia l,
p a r tic le s  w e re  f a b r ic a te d  using  cobalt. In th e  fo rm  of a  hexagonal close
packed  (h .c .p .) s t ru c tu re ,  coba lt has a s tro n g  u n iax ia l an iso tro p y  ( K = 4.1
2 - 3x 10 kJ.m  (J iles  (1991))) d irec ted  along th e  c -a x is . From  th e  an a ly sis  o f 
co b a lt film s  and  p a r tic le s  given in sec tio n  3 .4 , th e  th e rm a lly  ev ap o ra ted  
co b a lt c o n s is ts  o f p o ly cry s ta llin e  g ra in s  w hich have an  h .c .p . s tru c tu re . 
The in flu en ce  o f a  random ly d is tr ib u te d  u n iax ia l m ag n e to c ry s ta llin e  
an iso tro p y  on th e  dom ain s t ru c tu re  and m agnetic  behaviour of v a rio u s
th ick n esses  o f Co p a r tic le s  w ill be d esc rib ed  in th is  ch ap te r.
In sec tio n  6.2 , th e  a s -g ro w n  dom ain s t ru c tu re s  of th re e  d if fe re n t  th ick n esses  
o f Co p a r tic le s  a re  described . The rem an en t dom ain s tru c tu re s  o f th e se  
p a r tic le s  w e re  th en  exam ined fo llow ing  bo th  an a .c . dem ag n e tisa tio n  and 
ap p lica tio n  o f a  960kA.m _1 fie ld ; th e  re s u lts  a re  d esc rib ed  in sec tio n  6.3. 
S ection  6 .4  th en  d esc rib es  th e  in -s i tu  m ag n etisin g  ex p e rim en ts  conducted  on 
th e  co b a lt p a r tic le s  and in a s im ila r m anner to  sec tio n  5.3, h y s te re s is  loops 
w ere  co n s tru c te d  fo r  some of th e  p a r tic le s .
In th e  ca se  o f th e  Ni Fe p a r tic le s  d esc rib ed  in ch a p te rs  4 and 5, th e
8 2 .5  17.5
dom ain s t r u c tu r e s  o f th e  p a r tic le s  w ere, in g en e ra l, very rep roducib le , and
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th e  a s -g ro w n  dom ain s t ru c tu re  and m agnetic  behav iour o f a  Ni Fe
82 .5  17.5
p a r tic le  w ith  a  p a r t ic u la r  value of th ick n ess  and in -p lan e  a sp e c t r a t io  could 
be p re d ic te d  w ith  co n sid erab le  confidence. A lthough, as d iscussed  in 
sec tio n s  6 .2  to  6 .4 , th is  w as again  found to  be th e  case  fo r  some of th e  
co b a lt p a r t ic le s ,  th e re  w ere  excep tions, and th e se  a re  d esc ribed  in sec tio n  
6.6. T his sec tio n  a lso  sum m arises som e of th e  m ore im p o rtan t conclusions 
which can  be d raw n  fro m  th e  in v estig a tio n s  on co b a lt p a r tic le s .
6.2 AS-GROWN DOMAIN STRUCTURES OF COBALT PARTICLES.
6.2.1 17nm THICK COBALT PARTICLES
The a s -g ro w n  dom ain s t ru c tu re s  o f vario u s 17nm th ick  p a r tic le s  a re  show n in 
fig . 6.1, w ith  a  sch em atic  shown in fig . 6 .2 . I t w as no ted  th a t  as  th e  value 
of R in c re a se s  and th e  p a r tic le s  become sm alle r, th e  dom ain s t ru c tu re s  become 
m ore re g u la r  and  s t a r t  to  resem ble th e  ty p es  o f so lenoidal s t ru c tu re s  w hich 
w ere  found  in th e  Ni Fe p a r tic le s . T his f a c t  is d iscussed  in g r e a te r
82*5 17.5
d e ta il  in sec tio n  6 .2 .4 . As w as found in th e  Ni Fe p a r tic le s , some of
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th e  p a r tic le s  e x is te d  in  solenoidal s t ru c tu re s  w hile o th e rs  w ere  in 
n o n -so leno ida l s t ru c tu re s .  At th is  th ick n ess  th e  value of in -p lan e  a sp e c t
ra t io  a t  w hich th e  t ra n s i t io n  f  rom  so lenoidal to  non-so leno idal a s-g ro w n  
dom ain s t r u c tu r e s  took  p lace  w as found to  be ap p ro x im a te ly  12. In c o n tra s t  
to  th e  Ni Fe p a r tic le s  i t  is found th a t  th e  to ta l  dom ain w all energy
8 2 .5  17.5 K
w hich is p re se n t in som e o f th e  p a r tic le s  is no t m inim ised and th e re  a re  m any 
s h o r t  len g th s  o f w all p re sen t, e.g. fig . 6.1(b).
A fe a tu r e  w hich is a p p a re n t in F oucau lt im ages o f Co p a r tic le s , e.g . th e
non-so leno idal dom ain s t ru c tu re  of fig . 6 .3 , and w hich is d if fe re n t  fro m  th e
Ni Fe p a r tic le s  is th a t  th e  c o n tra s t  g en e ra te d  by bo th  th e  dom ains
8 2 .5  17.5 ^
w ith in  th e  p a r tic le ,  and th e  s tra y  fie ld , w as considerab ly  s tro n g e r  in th e
case  o f co b a lt. T his would imply th a t  th e  d e fle c tio n  angles of e lec tro n s  
p assin g  th ro u g h  co b a lt a re  g re a te r  th an  th o se  fo r  ^*82 5f e17 5- The la r Se r
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Fig. 6.1 Foucault image of the as-grown domain structure of 17nm
thick cobalt particles.
I |
Fig. 6.2 Schematic diagram of the as-grown structures of various 17nm
thick cobalt particles.
F ig . 6 .3  F o u c a u l t  i m a g e  o f  a  17nm th ic k  p a r t i c l e  w ith  a  
n o n - s o le n o id a l  s t r u c t u r e .
d eflec tio n  an g les a r is e  fro m  th e  f a c t  th a t  s a tu ra t io n  m ag n e tisa tio n  o f co b a lt 
is ap p ro x im a te ly  tw ice  th a t  o f Ni Fe and th e re fo re  th e  L o ren tz
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d eflec tio n  an g les a re  sca led  accord ingly . L a rg e r  d e f le c tio n  ang les re s u lt  in 
an in c reased  s e p a ra tio n  o f th o se  e lec tro n s  d e f le c te d  in opposite  d irec tio n s ,
and hence c o n tra s t  v a r ia tio n s  a re  m ore pronounced in th e  F oucau lt mode due to  
th e  f a c t  th a t  th e  o b jec tiv e  a p e r tu re  "sp lits"  th e  beam  m ore e ffec tiv e ly .
6 .2 .2  60nm  THICK COBALT PARTICLES
A F o u cau lt im age o f th e  a s -g ro w n  dom ain s t r u c tu r e s  o f v a rio u s 60nm  th ick  
p a r tic le s  is show n in fig . 6.4. It can im m edia tely  be seen th a t  th e  dom ain 
s t ru c tu re s  o f som e o f th e  la rg e r  p a r tic le s  a re  n o t a s  re g u la r  as  th o se  found 
in th e  60nm  th ick  Ni Fe p a r tic le s . In should  be no ted  th a t  as  w as
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found in th e  17nm th ick  co b a lt p a r tic le s , a s  th e  d im ensions o f th e  p a r tic le s  
d ec rea se , th e  dom ain s t ru c tu re s  become m ore re g u la r ,  and s t a r t  to  resem ble  
th o se  w hich w ould be p re d ic ted  by th e  Van den B erg a lg o rith m  d escribed  in 
sec tio n  1.4.2. In 60nm  th ick  co b a lt p a r tic le s  th e  tr a n s i t io n  fro m  solenoidal
to  n o n -so len o id a l a s -g ro w n  dom ain s t ru c tu re s  o cc u rre d  w hen th e  value o f R w as 
ap p ro x im a te ly  12. In th e ir  a s-g ro w n  s ta te s ,  th e  only 60nm  th ick  Co p a r tic le s  
to  d isp lay  n o n -so len o id a l s t ru c tu re s  w ere th e  4 by 0.38/im  and th e  4 by 0.25/^im
p a r tic le s  and i t  should  be no ted  th a t  they  a re  opposite ly  m agnetised . A
ta b le  show ing th e  le a s t  a c ic u la r  60nm th ick  co b a lt p a r tic le s  w hich d isp lays a 
n o n-so leno idal d is tr ib u tio n  is given in ta b le  6.1.
6 .2 .3  95nm THICK PARTICLES
The a s -g ro w n  dom ain s t ru c tu re s  o f vario u s 95nm th ick  co b a lt p a r tic le s  a re  
given in fig . 6.5. In a  s im ila r  m anner to  th e  60 and  17nm th ick  Co p a r tic le s  
it  can  im m ediately  be seen  th a t  th e  dom ain s t r u c tu r e s  in some of th e  la rg e r  
(R<3) p a r tic le s  a re  q u ite  ir re g u la r . Many s h o r t  len g th s  o f dom ain w alls  w ere  
p re se n t y e t a ll th e  p a r tic le s  appear to  p o ssess  so leno idal s t ru c tu re s  as no
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F ig .  6 .4  F o u c a u l t  im age o f  t h e  a s -g ro w n  domain s t r u c t u r e  o f  v a r i o u s
60nm t h i c k  c o b a l t  p a r t i c l e s .
TABLE 6.1
First particles to display a Non-solenoidal structure.
17nm thick cobalt specimen
Length 4 pm 3pm 2pm
Breadth
As-grown 0.25pm None None
Easy (Demag) 0.38pm None None
Hard (Demag) 0.38pm 0.25pm None
60nm thick cobalt 
Length
specimen 
4 pm 3pm 2pm
Breadth
As-grown 0.38pm None None
Easy (Demag) 0.38pm 0.25pm None
Hard (Demag) 0.38pm 0.25pm None
95nm thick cobalt 
Length
specimen 
4 pm 3pm 2pm
Breadth
As-grown 0.25pm None None
Easy (Demag) None None None
Hard (Demag) None None None
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F ig .  6 .5  F o u c a u l t  image o f  t h e  as -g ro w n  domain s t r u c t u r e  o f  v a r i o u s
95nm t h i c k  c o b a l t  p a r t i c l e s .
s t ra y  fie ld  w as d e te c te d  o u ts id e  th e  p a r tic le s .  Again i t  is observed  th a t
as  th e  a sp e c t r a t io  in c re a se s , and th e  p a r tic le  becom e sm a lle r, th e  dom ain 
s t ru c tu re s  becom e m ore re g u la r . The only 95nm th ick  co b a lt p a r tic le  to  
d isp lay  a  n o n -so len o id a l a s -g ro w n  dom ain s t r u c tu r e  w as th e  4 .0  by 0.25pm
p a r tic le .
6 .2 .4  SUMMARY
In g en e ra l th e  co b a lt p a r tic le s  exh ib ited  c e r ta in  c h a ra c te r is t ic s  w hich w ere  
s im ila r  to  th o se  o f th e  Ni Fe p a r tic le s . How ever, i t  should be noted
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th a t  som e of th e  la rg e r  p a r tic le s  had q u ite  i r re g u la r ,  a lthough  ap p a ren tly
so leno idal a s -g ro w n  dom ain s tru c tu re s .  As th e  p a r tic le s  become sm alle r (e.g. 
in c reas in g  R a t  c o n s ta n t length) i t  w as observed  th a t  th e  shape an iso tro p y  of 
th e  p a r tic le s  h as  a  g r e a te r  in fluence over th e  re s u l ta n t  dom ain s tru c tu re . 
It should  be n o ted  th a t  th is  re s u lts  in th e  sm a lle r  p a r tic le s  d ec reas in g  th e  
am ount o f dom ain w all energy  to w ard s  a minimum value, and th e  "sub-dom ains", 
see sec tio n  6.3.1.1, a re  n o t found a s  commonly in th e se  sm a lle r  p a r tic le s .
6.3 THE EFFECTS OF A.C. DEMAGNETISATION AND SATURATING FIELDS
ON Co PARTICLES.
The e f fe c ts  o f an a .c . dem ag n e tisa tio n  and a lso  o f a  960kA.m 1 f ie ld  to  th e  
fo rm  o f th e  rem an en t dom ain s t ru c tu re  o f th e  co b a lt p a r tic le s  a re  d escrib ed  
in th is  sec tio n . In sec tio n s  6.3.1 and 6 .3 .2 , th e  re m a n en t dom ain s t ru c tu re s  
o f 60nm  th ick  co b a lt p a r tic le s  fo llow ing an  a .c . d em ag n e tisa tio n  d irec ted  
along th e  easy  and h a rd  ax es  re sp ectiv e ly  a re  d esc rib ed  in d e ta il. The o th e r 
th ick n esses  o f co b a lt p a r tic le s  a re  sum m arised  b r ie f ly  fo r  conciseness. It 
should be po in ted  ou t th a t  fo r  th e  co b a lt p a r tic le s ,  th e  in -s i tu  a .c  
d em ag n e tisa tio n  p e rfo rm ed  along th e  h ard  d irec tio n  exam ines only a sm all p a r t  
o f th e  h y s te re s is  loop o f th e  p a r tic le  a s  i t  w ill n o t be close to  s a tu ra tio n . 
The th re e  th ick n esses  o f p a r tic le s  w ere  dem agnetised  aga in  using  th e
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ex p e rim en ta l a r ra n g e m e n t d esc rib ed  in sec tio n  4 .4 . I t  should  be no ted  th a t  
as  w ith  a ll th e  a .c . d em ag n e tisa tio n s conducted  in -s itu ,  th e  fie ld  w as
aligned  to  ±5° w ith  re s p e c t to  e ith e r  th e  h a rd  o r  easy  axes.
6.3.1 EASY AXIS A.C. DEMAGNETISATION
The a .c  d em agne tised  s ta te s  of a  60nm th ick  Co specim en is  shown in th e  
F oucau lt im age o f fig . 6 .6 (a) and sch em atica lly  in fig . 6 .6(b). The rem an en t 
dom ain s t r u c tu r e s  fro m  17 and 95nm th ick  p a r tic le s  a r e  show n in f ig s . 6 .7  and
6.8. I t  can be seen  th a t  fro m  fig . 6 .6 , th e  easy  ax is  a .c . dem agnetised
dom ain s t r u c tu r e s  o f th e  la rg e r  (R<3) p a r tic le s  a re  now m ore re g u la r  th an  th e  
as -g ro w n  s ta te s  show n in f ig  6.4. In p a r tic u la r ,  th e  la rg e r  p a r tic le s , ( R < 
3), have co n sid erab ly  less  dom ain w all energy  and hence resem b le  th e  ty p es of 
so leno idal dom ain s t r u c tu r e s  found in th e  Ni Fe p a r tic le s . Also, as
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noted  fo r  th e  Ni Fe p a r tic le s  a f te r  an  easy  ax is  a .c . d em ag n e tisa tio n ,
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long sec tio n s  o f 180° w a lls  a re  n o t commonly found. The leng th  o f 180° w all 
w hich is  p re s e n t is, in  m ost cases , th e  m inim um  w hich can  be accom m odated by 
a  p a r t ic u la r  a sp e c t r a t io  o f p a r tic le . Hence th e  ex p e rim en ta l evidence would 
suggest;
2^2 <rCo(i) ^  crCo (i) i=17 ,60 ,or 95nm (6.1)
9 0  180
w here crCo(i) is  th e  s u r f  ace energy  d en sity  o f a  dom ain w all in a 
j
p o ly c ry s ta llin e  h .c .p . co b a lt sam ple o f th ick n ess  i, a c ro ss  w hich th e  
m ag n e tisa tio n  r o ta te s  by j° .
6.3.1.1 SUB-DOMAINS
In m any o f th e  co b a lt p a r tic le s  th e  dom ain s t ru c tu re s  ap p e a r i r re g u la r  due to  
th e  p re sen ce  o f reg io n s, "sub-dom ains", w ith in  dom ains w hich ap p ear to  be 
m agnetised  in a  d if fe re n t  d irec tio n  fro m  th e  r e s t  o f th e  "domain". A high
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S ch e m a t ic  d iag ram  o f  ( a ) .
6 .6  ( a )  A F o u c a u l t  im age o f  th e  a . c .

















Fig. 6.7 Schematic d i a g r a m  of the remanent easy axis a.c.
demagnetised domain structures of a 17nm thick cobalt 
sample.
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Fig. 6.8 Schematic diagram of the remanent easy axis a.c. 
demagnetised domain structures of a 95nm sample.
m ag n ifica tio n  F o u cau lt im age o f a "sub-dom ain" is  show n in fig . 6.9. From
th e  in ten s ity  v a r ia tio n s  in th e  F oucau lt im age, and a lso  th e  F resn e l im ages 
tak en  o f th is  reg io n , th e  dom ain w alls  bounding th e se  sub-dom ains ap p ear
qu ite  d iffu se , th u s  im plying th e  p resence  o f re la tiv e ly  low angle domain 
w alls. Hence i t  w ould a p p e a r th a t  th e  d irec tio n  o f th e  m ag n e tisa tio n  w ith in  
each sub -dom ain  is q u ite  close to  th e  d irec tio n  o f th e  m ag n e tisa tio n  in th e
"domain" i ts e lf .  D eta iled  convergen t beam  d if f r a c t io n  s tu d ie s  and high 
m ag n ifica tio n  im ages tak en  in th e  v ic in ity  o f th e  sub -dom ains rev ea led  no 
s ig n if ic a n t d if fe re n c e  betw een  th e  physical fo rm  o f th e se  reg io n s and th e
r e s t  o f th e  p a r tic le . T h ere  a re  various possib le  re a so n s  fo r  th e  p resen ce  o f 
th e  su b -dom ains and th e se  a re  d iscussed  in g re a te r  d ep th  in sec tio n  6.6.
6 .3 .2  HARD AXIS A.C DEMAGNETISATION
The re m a n en t dom ain s t ru c tu re s  of 95, 60 and 17nm th ick  co b a lt p a r tic le s  
fo llow ing  a  h a rd  a x is  a .c . d em ag n e tisa tio n  a re  show n in f ig . 6.10 to  6.12. 
The d im ensions o f th e  le a s t  ac ic u la r  p a r tic le s  w hich d isp lay  non-so leno idal 
dom ain s t ru c tu r e s  a re  given in ta b le  6.1 fo r  v a rio u s  th ick n esses  o f co b a lt 
p a r tic le s . In close ag reem en t w ith  th e  h a rd  ax is  a .c . dem agnetised  dom ain 
s t ru c tu re s  o f th e  Ni Fe p a r tic le s , long len g th s  o f 180° w alls  w ere
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ag a in  found . The rem an en t dom ain s t ru c tu re s  of th e  co b a lt p a r tic le s  a re , 
how ever, s ig n if ic a n tly  m ore ir re g u la r  th an  those  w hich w ere  found when th e  
f ie ld  w as d ire c te d  along th e  easy  ax is. I t w as observed  th a t  th e  sm a lle r (R 
> 3) p a r tic le s  had q u ite  re g u la r  s tru c tu re s  and L an d au -L if sh itz  s t ru c tu re s  
a re  found re g u la r ly , e.g . f ig s . 6.10 to  6.12. T h a t some of th e  s t ru c tu re s  
a re  m ore ir re g u la r  may be a  consequence o f th e  f a c t  th a t  du rin g  th e  in -s i tu
a .c . d em ag n e tisa tio n , th e  maxim um  fie ld  w hich can  be delivered  to  th e  
specim en is only 64kA.m _1. This value of fie ld  is likely to  be in su ffic ie n t 
to  fu lly  e ra d ic a te  th e  end c lo su re  s tru c tu re s  o f th e  co b a lt p a r tic le s . These 
end c lo su re  s t ru c tu re s  have a  p ro found  in fluence on th e  fo rm  o f th e  re s u lta n t  
dom ain s t ru c tu re s ,  and so th e  f a c t  th a t  they  may be no t fu lly  e rad ica te d  w ill
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F ig . 6 .9  A h ig h  m a g n i f i c a t i o n  F o u c a u l t  im age o f  a  " su b -d o m a in " , 
m arked A.
F ig . 6 .1 0  The rem an en t dom ain s t r u c t u r e s  o f  v a r io u s  17nm th ic k  c o b a l t  
p a r t i c l e s  a f t e r  a h a rd  a x i s  a . c .  d e m a g n e t is a t io n .
£ y |  L _ J
Fig.
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6 .1 1  The re m a n e n t  d o m a in  s t r u c t u r e s  o f  v a r i o u s  60nm t h i c k  c o b a l t  
p a r t i c l e s  a f t e r  a  h a r d  a x i s  a . c .  d e m a g n e t i s a t i o n .
"ry » >•"?*"
7 ?
6 .1 2  The re m a n e n t d o m ain  s t r u c t u r e s  o f  v a r i o u s  95nm t h i c k  c o b a l t  
p a r t i c l e s  a f t e r  a  h a r d  a x i s  a . c .  d e m a g n e t i s a t i o n .
th en  a f f e c t  th e  fo rm  of th e  a .c .  dem agne tised  domain s t ru c tu re .
6 .3 .3  SATURATING FIELDS
In a  s im ila r  fa sh io n  to  th e  Ni Fe p a r tic le s , th e  Co p a r tic le s  w ere
82*5 17.5
a lso  su b je c te d  to  an e x te rn a l 960kA.m  1 f ie ld . The re s u lta n t  re m a n en t dom ain 
s t ru c tu r e s  fo llow ing  th e  ap p lica tio n  o f a  960kA.m 1 fie ld  along th e  easy  ax is  
w e re  very  s im ila r  to  th o se  fo llow ing  an easy  ax is  a .c . d em ag n e tisa tio n . 
N on-so leno ida l s t ru c tu re s  o cc u rre d  m ore fre q u e n tly  when th e  f ie ld  w as 
d ire c te d  along  th e  easy r a th e r  th a n  th e  h a rd  ax is , and th e  le a s t  a c ic u la r  
p a r tic le  w hich had a rem an en t n o n -so len o id a l s t ru c tu re  is given in ta b le  6.1.
A gain i t  w as no ted  th a t  m ore ir r e g u la r  dom ain s t ru c tu re s  o ccu rred  in la rg e r  
(4pm  and  3pm  long, R s  3 ) co b a lt p a r tic le s .
Upon s a tu ra t in g  th e  p a r tic le s  along  th e  h a rd  ax is , th e  dom ain s t ru c tu re s  w ere  
a lm o st id en tica l to  th o se  found  fo llow ing  a  h a rd  ax is  a .c . d em ag n e tisa tio n . 
The long leng ths o f 180° w a lls  w hich w ere  found  in th e  ca se  of th e
Ni Fe p a r tic le s  w ere  ag a in  found  in th e  co b a lt p a r tic le s , a lthough
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som e o f th e  la rg e r  (R<3) p a r tic le s  did d isp lay  q u ite  ir re g u la r  dom ain
s tru c tu re s .
As w as found to  be th e  case  fo r  th e  Ni Fe p a r tic le s , (sec tio n  5 .4 .2 ),
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th e  re m a n en t dom ain s t ru c tu re s  o f th e  m ore ac ic u la r  p a r tic le s  depended 
c r it ic a lly  on th e  ex a c t d irec tio n  o f th e  "hard  ax is" dem agnetising  fie ld . In 
th e  ca se  o f th e  3 th ick n esses  o f co b a lt p a r tic le s , th e  value o f th e  le a s t  
a c ic u la r  p a r tic le  to  d isp lay  a  no n -so len o id a l dom ain s t ru c tu re  is g iven in 
ta b le  6.1, and th e  value w hich is quo ted  is  th a t  w hich w as found  m ost 
f  req u en tly .
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6.4 DYNAMIC EXPERIMENTS ON Co PARTICLES
6.4.1 17nm THICK PARTICLES
The in -s i tu  m agnetis ing  ex p e rim en ts  on 17nm th ick  p a r tic le s  w ere  conducted  
using  f ie ld s  w hich w ere  d irec ted  along th e  easy  ax is  of th e  p a r tic le s  and  th e  
re s u lts  a re  d esc ribed  in th is  sec tio n . U sing th e  p rocedure  d esc rib ed  in
sec tio n  5 .2 , h y s te re s is  loops fro m  v ario u s 4/im long, 17nm th ick  co b a lt
p a r t ic le s  w ere  co n stru c ted , and th e se  a re  shown in fig . 6.13. I t  can
im m edia te ly  be seen th a t  th e  p a r tic le s  d isp lay  types A and B h y s te re s is
loops. The tw o m ore ac ic u la r  p a r tic le s  w ith  R=10.7 and 16.0, have ty p e  A
loops and  a s  such, n e ith e r p a r tic le  can  su p p o rt a  rem an en t so leno idal dom ain 
s t ru c tu re .  The o th e r h y s te re s is  loops in fig . 6.13 a re  type B. In b o th  of
th e  p a r tic le s  having type B h y s te re s is  loops th e  tra n s i t io n s  fro m  so leno idal
to  n o n -so len o id a l dom ain s t ru c tu re s  took  p lace  in excess of lOkA.m \  These
tr a n s i t io n s  w ere  produced using th e  pu lsed  mode o f th e  m agnetising  s ta g e , and 
i t  is  f o r  th is  re aso n  th a t  th e  h y s te re s is  loops ap p ea r incom plete. The 
dashed  lines on each of th e  loops in f ig s . 6.14 to  6.16 have been
e x tra p o la te d  fro m  th e  solid  lines w hich w ere  de term ined  ex p e rim en ta lly . The
dashed  lines a re  p re se n t fo r  c la r i ty  only. Also in fig s . 6.14 to  6.16, th e
m axim um  fie ld  w hich can be app lied  to  th e  specim en using th e  c o n s ta n t fie ld  
m ode o f th e  m agnetising  s ta g e  is deno ted  by th e  double dashed  line a t
lO k A .m 1.
U sing th e  d efin itio n s  of H , Hsz and Hg given in sec tion  5 .4 .3 , i t  can  be 
seen  fro m  fig . 6.13 th a t  th e  v a r ia tio n s  o f a ll th re e  p a ra m e te rs  w ith  R fo llow  
th e  sam e tre n d s  th a t  w ere ex h ib ited  by th e  Ni Fe p a r tic le s . I t should
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be no ted  th a t  when com paring tw o  p a r tic le s  o f th e  sam e size  b u t fa b r ic a te d  
fro m  co b a lt and Ni Fe , th e  value o f (d(RM)/  ), (w hile th e  p a r tic le
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su p p o rts  a  so lenoidal d is tr ib u tio n ) , is less  fo r  th e  coba lt p a r tic le . P o in ts  
such a s  th is  a re  d iscussed  in g r e a te r  dep th  in sec tion  6.5. V alues o f H , 











X  JLU ^
XI













co b a lt  p a r t i c le s  a r e  given in tab le  6.2.
6 .4 .2  60nm  THICK PARTICLES
The dynam ic behav iour of v a rio u s 60nm  th ick  Co p a r tic le s  w as a lso  exam ined
using  th e  in -s i tu  m agnetising  s tag e . H y ste res is  loops fro m  five  4pm  long
p a r tic le s  o f vary ing  in -p lan e  a sp e c t r a t io  a re  given in fig . 6.14. I t  can
im m edia te ly  be seen th a t  th ese  fiv e  loops a re  q u ite  d if fe re n t to  th o se  o f th e  
60nm  th ick  Ni Fe p a r tic le s  show n in fig . 5 .9 . For th e  tw o p a r tic le s
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w ith  R=4 and R=5.3, th e  m axim um  c o n s ta n t fie ld  ava ilab le  u sing  th e
m ag n e tis in g  s tag e , (lOkA.m *), is in su ff ic ie n t to  d rive  th e  dom ain w a lls  in to
th e  side  of th e  p a r tic le  in o rd e r  to  fo rm  a non-so leno idal d is tr ib u tio n . 
Hence a s  th e  dom ain w alls  move w ith o u t any s ig n ific an tly  la rg e  d iscon tinuous 
jum ps, th e  p a r ts  o f th e  h y s te re s is  loops exam ined have a shape as  show n in 
f ig . 6.14(a) and  (b). It is likely th a t  if  th e  specim en could be observed  
u n d er th e  in fluence of la rg e r  f ie ld s , th a t  non-so leno idal s ta te s  could be
fo rm ed . As th is  w as no t possib le , f ie ld s  up to  64kA.m 1 w ere  app lied  using  
th e  pu lsed  mode of th e  m agnetis ing  s tag e . No rem an en t non-so leno idal dom ain 
s t ru c tu r e s  could be found fo r  th e se  tw o  p a r tic le s . It is p robab le  th a t  they
have ty p e  C h y s te re s is  loops, b u t th a t  th e  values of bo th  H  ^ and H a re
g re a te r  th a n  lOkA.m \  In f ig  6.14 it can be seen th a t  th e  th re e  m ore 
a c ic u la r  p a r tic le s  show type A and B h y s te re s is  loops which a re  q u ite  s im ila r  
in sh ap e  to  those  shown by th e  Ni Fe p a r tic le s . A ta b le  show ing
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values o f sq u aren ess , sw itch ing  fie ld  and h y s te re s is  loop type fo r  v a rio u s  4, 
3 and  2pm  long 60nm th ick  co b a lt p a r tic le s  a re  given in tab le  6.3.
6 .4 .3  95nm THICK PARTICLES
H y ste re s is  loops fro m  various 4pm long 95nm th ick  co b a lt p a r tic le s  a r e  show n 
in fig . 6.15. These h y s te re s is  loops have shapes w hich a re  s im ila r  to  th o se  
o f th e  60nm  and 17nm th ick  Co p a r tic le s  show n in fig s . 6.13 and 6.14. It
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Table 6.2: The magnetisation process in 17nm thick cobalt particles.
I n - p la n e R H y s t e r e s i s S q u a re n e s s Hs Hsi Hs2
d im e n s io n s lo o p  ty p e (kA.m 1 ) (kA.m *) (kA. m-l
( p m )
4 .0 0 x 0 .7 5 5 .3 B 0,.8 0 2 0 .0 -1 5 ..0
4 .0 0 x 0 .5 0 8 .0 B 0. 90 1 7 .0 -1 6 . 0
4 .0 0 x 0 .3 8 1 0 .7 A 0. 92 2 2 .0
4 .0 0 x 0 .2 5 1 6 .0 A 0. 97 3 7 .0
3 .0 0 x 0 .7 5 4 .0 B 0 .6 5 2 0 .0 -1 5 ..0
3 .0 0 x 0 .5 0 6 .0 B 0. 84 2 0 .0 -1 7 . 0
3 .0 0 x 0 .3 8 8 .0 A 0. 90 2 1 .0
3 .0 0 x 0 .2 5 1 2 .0 A 0. 94 2 7 .0
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T a b le  6 . 3 :  The m a g n e t i s a t i o n  p r o c e s s  i n  60nm t h i c k  c o b a l t  p a r t i c l e s .
- l
I n - p la n e  R H y s t e r e s i s  S q u a re n e s s
d im e n s io n s  lo o p  ty p e
(pm)
4 .0 0 x 1 .0 0  4 .0  (C) -
4 .0 0 x 0 .7 5  5 .3  (C) -
4 .0 0 x 0 .5 0  8 .0  B 0 .5 2
4 .0 0 x 0 .4 0  1 0 .0  A 0 .7 6  6 .8
4 .0 0 x 0 .2 5  1 6 .0  A 0 .7 8  8 .8
Hsi
- l





(kA.m (kA.m A) (kA.m *)
> 1 0 . 0
> 10.0
- 5 .2
3 .0 0 x 0 .5 0
3 .0 0 x 0 .3 8
6.0
8.0





0 .7 6 7 .8
> 10 . 0  > 10.0
7 .0  - 4 .0



















should  ag a in  be no ted  th a t  th e  values o f f ie ld s  n ecessa ry  to  p roduce 
tra n s i t io n s  fro m  solenoidal to  n o n-so leno idal s ta te s  a re  g re a te r  th a n  th e
m axim um  value ava ilab le  using th e  c o n s ta n t f ie ld  mode of th e  m ag n e tis in g  
s tag e . The la rg e  values o f f ie ld s  n ec e ssa ry  to  induce tra n s i t io n s  fro m  
so leno idal to  non-so leno idal s ta te s  w ere  aga in  produced  using th e  pu lsed  mode 
of th e  s tag e . (As m entioned in sec tio n  6 .4 .2 , using th e  m agnetising  s ta g e  in 
th is  w ay p rec lu d es  observ ing  ty p e  C h y s te re s is  loops, how ever a s  som e of th e  
p a r tic le s  have type B h y s te re s is  loops, th e  rem anen t n o n -so len o id a l 
s t r u c tu r e s  could again  be d e te c te d .)
In g e n e ra l th e  v a ria tio n  o f h y s te re s is  loop type, sw itch ing  f ie ld  and
sq u a re n e ss  w ith  p a r tic le  s ize  fo llow  th e  sam e tre n d s  ex h ib ited  by th e
Ni Fe and  o th e r th ick n esses  o f co b a lt p a r tic le s . A ta b le  show ing th e
8 2 .5  IT.5
values o f sq u a ren ess , sw itch in g  f ie ld  and type  of h y s te re s is  loop fo r  
p a r tic le s  o f th is  th ick n ess  is given in ta b le  6.4.
6.5 SUMMARY
The ty p es  o f so lenoidal and n o n-so leno idal dom ain s tru c tu re s  and h y s te re s is  
loops d isp lay ed  by th e  co b a lt p a r tic le s  w ere  in some re sp e c ts  q u ite  s im ila r  
to  th o se  found  in th e  Ni Fe p a r tic le s . Some of th e  s im ila r it ie s  as
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w ell a s  d if fe re n c e s  betw een  th e  dom ain s t ru c tu re s  of p a r tic le s  fa b r ic a te d  
using  th e  tw o  m a te r ia ls  a re  d iscussed  below.
Upon an a ly sin g  th e  v a ria tio n  of H , H ^ , Hs> sq u aren ess  and h y s te re s is  loop 
ty p e  w ith  R fo r  coba lt p a r tic le s  p re sen ted  in sec tio n  6.4, th e  sam e tre n d s  
th a t  w ere  found in th e  Ni Fe can  be observed  in the  co b a lt p a r tic le s ,
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and th e se  e f f e c ts  may be exp lained  in th e  sam e m anner, (see sec tio n  5 .3 .4 ).
T h a t th e  values of R* fo r  co b a lt p a r tic le s  a re  la rg e r  th an  fo r  th e  
co rre sp o n d in g  th ick n ess  of Ni Fe p a r tic le s  may re s u lt  f i r s t ly  fro m  th e
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to ta l  energy  o f non-so lenoidal d is tr ib u tio n s  in c reasin g  due to  th e  la rg e r  
value o f s a tu ra tio n  m ag n e tisa tio n  in co b a lt, th u s  solenoidal d is tr ib u tio n s  
becom e m ore fav o u red  even fo r  th e  m ore ac ic u la r  p a r tic le s . Secondly as  th e
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T a b le  6 . 4 :  The m a g n e t i s a t i o n  p r o c e s s  i n  95nm t h i c k  c o b a l t  p a r t i c l e s .
I n - p la n e R H y s t e r e s i s S q u a re n e s s  H
S
d im e n s io n s lo o p  ty p e (kA. m
(pm)
4 .0 0 x 0 .7 5 5 .3 (C) ------
4 .0 0 x 0 .5 0 8 .0 B 0 .6 0
4 .0 0 x 0 .4 0 1 0 .0 A 0 .7 6
4 .0 0 x 0 .2 5 1 6 .0 A 0 .7 8
Hs i





3 .0 0 x 0 .5 0  6 .0  B 0 .7 0  2 0 .0
3 .0 0 x 0 .3 8  8 .0  A 0 .7 6  1 8 .0
3 .0 0 x 0 .2 5  1 2 .0  A 0 .8 2  1 6 .0
(kA. m~1)
> 1 0 . 0
- 2 . 8
- 4 .2
- 5 .0
- 2 . 3
- 2 .5
- 4 . 3
dom ain w all energy  in p o ly cry s ta llin e  h .c .p . co b a lt is d if fe re n t  fro m  th a t  o f
Ni Fe , (K itte l (1986)) the  v a r ia tio n  o f dom ain w all en e rg y  w ith
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m a te r ia l  m ust a lso  be tak en  in to  acco u n t w hen considering  th e  en e rg e tic
s ta b i l i ty  o f so leno idal o r non-so leno idal dom ain s tru c tu re s .
It w as no ted  in fig s . 6.13 to  6.15 th a t  th e  value o f (d(RM)/  ) f o r  th e
dH
co b a lt p a r tic le s  w as less th an  fo r  th e  sam e th ickness o f Ni Fe
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p a r tic le . It is m ost likely th a t  th e  local m ag n e to c ry s ta llin e  an iso tro p y
a x is  w ith in  each  o f th e  g ra in s  m akes th e  dom ain w all m otion m ore d if f ic u l t
due to  th e  p resen ce  of local m ag n e to c ry s ta llin e  an iso tro p y  d eriv ed  energy  
b a r r ie r s .  T hese b a r r ie r s  have to  be overcom e b e fo re  th e  w all can  move a c ro s s  
a  g ra in  and hence (d(RM)/dH) *s e^ ss  th e  case  o f th e  coba lt p a r tic le s .  I t 
should  a lso  be no ted  th a t  as th e  o rie n ta tio n s  o f th e  c -a x e s  (of th e  g ra in s  
co m p ris in g  th e  p a r tic le s )  a re  random , th e ir  e f fe c t  on th e  shape an iso tro p y  o f 
th e  p a r tic le  is nu llified .
6.6 INVESTIGATIONS ON "ABNORMAL" Co PARTICLES
The c o b a lt p a r tic le s  described  in sec tio n s  6 .2  to  6 .4  a ll d isp layed  dom ain
s t ru c tu r e s  and dynam ic behaviour which w as q u ite  s im ila r  to  th e  Ni Fe
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p a r tic le s .  However, c e r ta in  co b a lt sam ples d isp layed  c h a ra c te r is t ic s  w hich
w ere  ra d ic a lly  d if fe re n t fro m  th o se  d esc rib ed  previously . The a s -g ro w n  
dom ain s t ru c tu re s  of an "abnorm al" 60nm  th ick  co b a lt specim en is show n in 
fig . 6.16. As can c lea rly  be seen fro m  th e se  im ages, th e  dom ain s t ru c tu re s  
a re  no t a t  a ll re g u la r, nor do any of th e  s t ru c tu re s  resem ble th o se  found  in 
th e  p rev ious sam ples. D iffrac tio n  p a t te rn s  and high m ag n ifica tio n  im ages 
o b ta in ed  fro m  th ese  p a r tic le s  a re  show n in f ig s . 6.17 and 6.18 re sp ec tiv e ly . 
F rom  th e se  f ig u re s  alone it  would ap p ear th a t  th e re  is no s ig n if ic a n t 
d if fe re n c e  in th e  physical m ic ro s tru c tu re  of p a r tic le s  w hich d isp lay  
"abnorm al" dom ain s tru c tu re s  fro m  th a t  o f th e  "norm al" coba lt p a r tic le s .  In 
p a r t ic u la r  no te x tu r in g  w as evident.
The p a r tic le s  described  above w ere  a lso  su b jec te d  to  a  s e r ie s  o f  in -s i tu
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F ig . 6 .1 6  The as-g ro w n  d o m a in  s t r u c t u r e s  o f  c o b a l t  p a r t i c l e s  w ith  
"ab n o rm al"  dom ain s t r u c t u r e s .
F ig . 6 .1 7  S e le c te d  a r e a  d i f f r a c t i o n  p a t t e r n  p a t t e r n  from  a  c o b a l t  
p a r t i c l e  w hich had an  "ab n o rm al"  dom ain s t r u c t u r e .
I 40nm |
F ig . 6 .1 8  High m a g n if ic a t io n  im age from  a  c o b a l t  p a r t i c l e  w hich had an 
" ab n o rm a l” dom ain s t r u c t u r e .
m ag n etis in g  ex p e rim en ts . D uring th e  co u rse  o f th e  ex p e rim en ts , conducted  
using th e  m ag n e tis in g  s ta g e , no observab le  d if fe re n c e s  could be d e tec ted  in
th e  dom ain s t r u c tu r e s  o f any o f th e  p a r tic le s . At th e  m axim um  s tead y  f ie ld
which could be app lied  to  th e  specim en, th e  dom ain s t ru c tu re s  o f a ll th e
p a r tic le s  w e re  a lm o st id en tica l to  th e  a s -g ro w n  s ta te s .  Using th e  in -s i tu
m ag n etis in g  s ta g e  i t  w as no t possib le  to  sw itch  any o f th e  p a r tic le s , no r 
could any o f th e  dom ain w a lls  be moved over la rg e  p a r ts  o f th e  p a r tic le .
Upon su b je c tin g  th e  p a r tic le s  to  a  960kA.m 1 f ie ld  app lied  e x te rn a l to  th e  
m icroscope, ag a in  i t  w as found th a t  th e  re m a n en t dom ain s t ru c tu re s  w ere  
a lm o st id e n tic a l to  th o se  found  in th e  a s -g ro w n  s ta te .
In ad d itio n  to  th e  co b a lt p a r tic le s  d esc rib ed  above a s  "abnorm al", i t  w as 
a lso  found  th a t  som e co b a lt sam ples d isp layed  dom ain  s t ru c tu re s  and dynam ic 
behav iour w hich w as a lm o st "hybrid" betw een  th e  "abnorm al" and th e  "norm al" 
co b a lt specim ens d esc rib ed  above and in sec tio n s  6 .3  re sp ec tiv e ly . One
exam ple o f is show n in  fig . 6.19, w hich show s a  60nm  th ick  Co sam ple. I t  can  
be seen  fro m  th is  f ig u re  th a t  th e  dom ain s t ru c tu re s ,  a lthough  m ore re g u la r  
th a n  th o se  o f f ig . 6.16, a r e  no t a s  re g u la r  a s  w ould be p re d ic ted  by th e  Van 
den B erg a lg o rith m . Dynamic ex p e rim en ts  p e rfo rm ed  on th e se  p a r tic le s  show ed 
th a t  th e  dom ain w a lls  could be moved, and th a t  th e  p a r tic le s  could be
sw itched , how ever com paring  tw o such "hybrid" sam ples show ed th a t  th e  ran g e  
of sw itch in g  f ie ld s  fo r  a  p a r tic u la r  size  o f p a r tic le  could vary  g re a tly .
It would ap p e a r  th a t  fro m  th e  se r ie s  o f ex p e rim en ts  conducted  on d if fe re n t  
co b a lt sam ples, th e  dynam ic behaviour and dom ain s t ru c tu re s  a re  no t as  
re g u la r , no r ea s ily  p red ic ted , as those  found in th e  Ni Fe p a r tic le s .
o Z > b  1 / » 0
All o f th e  co b a lt sam ples o f w idely vary ing  p ro p e r tie s  w ere  m ade on S i/S ^ N ^  
s u b s tra te s  w hich w ere  fa b r ic a te d  and spun w ith  r e s is t  a t  th e  sam e tim e. 
Hence i t  w ould ap p ea r unlikely th a t  any ab n o rm ality  in th e  Si, o r
r e s is t  w ould a f f e c t  th e  m agnetic  p ro p e rtie s  o f th e  p a r tic le s  in such a  
d ra m a tic  m anner. A m ore likely ex p lana tion  is th a t  du rin g  th e  ev ap o ra tio n
p ro cess , re s id u a l g ases  in th e  ev a p o ra to r a re  a f fe c tin g  th e  chem ical
com position  o f th e  p a r tic le s , o r th e  c ry s ta ll i te s  m aking up th e  p a r tic le s .
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I 3/Jm ,
F ig . 6 .1 9  A F o u c a u lt  im age o f  a  60nm th i c k  c o b a l t  sam ple  whose 
a s-g ro w n  dom ain s t r u c t u r e  c o u ld  be d e s c r ib e d  a s  a  h y b r id  
betw een  "n o rm al"  and "ab n o rm al" .
T here  a re  tw o  w ays in w hich th is  could occur. F ir s t ly  and in ad v erten tly , th e  
r a te  o f ev ap o ra tio n  may become slow er a t  th e  sam e p re s su re , o r a lte rn a tiv e ly , 
th e  vacuum  m ay, ag a in  in ad v erten tly , d e te r io ra te  w ith  th e  ev ap o ra tio n  r a te  
rem ain in g  a t  i t s  no rm al value. In both  cases , th e  r a t io  o f th e  num ber o f 
re s id u a l g as  a to m s to  ev ap o ra ted  m etal a tom s w ill in c re ase . One e f fe c t  th is
could cause  is to  fo rm  a  th in  oxide lay er on th e  s u r fa c e  of th e  c ry s ta ll i te s ,
o r a l te rn a tiv e ly  th e  re s id u a l gases could becom e in co rp o ra ted  in to  th e  
c ry s ta ll i te s ,  re s u lt in g  in som e abnorm al m e ta l-o x id e  alloy. A ltern a tiv e ly  
th e  v a rio u s  o th e r  g ase s  p re se n t in th e  system  (e.g . Nz o r h y d ro carb o n  cha ins 
fro m  th e  d iffu s io n  pump oil) could e ith e r  fo rm  a  com pound w ith  th e  co b a lt o r 
sim ply s tic k  to  th e  s u r fa c e  o f th e  ev ap o ra ted  film . In a ll c a ses  th e  
p resen ce  o f a  lay e r , w hich is n o t coba lt, on o r n e a r  th e  s u r fa c e  o f th e
c ry s ta ll i te s  w ould a f f e c t  th e  exchange coupling betw een  a d ja c e n t 
c ry s ta ll i te s .  T his h as  th e  e f fe c t  of d ec reas in g  th e  coupling len g th  w ith in
each  o f th e  p a r tic le s .  In such cases th e  shape an iso tro p y  does n o t a f f e c t  
th e  dom ain s t r u c tu r e  o f th e  p a r tic le s , as  each  c ry s ta l l i te  may now have
m agnetic  ch a rg e  a t  i t s  boundaries. In th e  ca se  o f a  p o ly c ry s ta llin e  film , 
w here  th e  g ra in s  a r e  norm ally  exchange coupled, th e  coupling leng th  is 
g en e ra lly  q u ite  la rg e  and so th e  e n tire  film  a c ts  m ore like a continuous 
film , and  hence any shape an iso tro p y  p re sen t w ould have a  la rg e  in fluence
over th e  re s u lta n t  dom ain s tru c tu re . T h at th e  coupling len g th  in "abnorm al" 
co b a lt p a r t ic le s  is d ec rea sed  w ith  re sp e c t to  th e  norm al co b a lt p a r tic le s  
could a lso  accoun t fo r  th e  f a c t  th a t  th e  p ro p e r tie s  o f th e  co b a lt p a r tic le s
vary  d ra m a tic a lly . The ra t io  o f re s id u a l g as  a tom s in th e  e v a p o ra to r to  
ev ap o ra ted  m eta l a tom s h it tin g  th e  s u b s tra te  s u r fa c e  is a  fu n c tio n  of bo th  
th e  p re s su re  and th e  ev ap o ra tio n  ra te .  Hence if  d if fe re n t  q u a n titie s  o f 
g ases  w ere  tra p p e d  betw een, or causing  s u r fa c e  o x id a tio n  of, th e  
c ry s ta ll i te s ,  th e  m agnetic  p ro p e rtie s  would vary  acco rd in g  to  th e  fin a l 
re s u lta n t  coupling length . D uring th e  co u rse  o f th is  p ro je c t,  ev ap o ra tio n s  
w ere  a lw ays p e r f  orm ed a t  supposedly "stan d ard "  cond itions. Of th e  tw o
possib le  so u rces  o f e r ro r  w hich may have been in tro d u ced , th e  m ore likely is
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th a t  th e  vacuum  p re s su re  in c reased  (i.e . d e te r io ra te d )  and th is  re su lte d  in 
th e  coupling len g th  o f th e  p a r tic le s  d ec reasin g , th u s  a l te r in g  th e  m agnetic  
p ro p e rtie s  o f th e  p a r tic le s .  More d e ta iled  ex p e rim en ts  w ould re q u ire  to  be
conducted  to  co n firm  o r deny th is  hypo thesis, and th e se  w ill be d iscussed  in
g re a te r  dep th  in c h a p te r  8. If  th e  c ry s ta ll i te s  a re  indeed no t exchange
coupled, and m agnetic  ch a rg e  is p re se n t a t  som e o f th e  g ra in  boundaries, th en  
th e  volume m agnetic  ch a rg e  w ith in  th e  p a r tic le  is n o t equal to  ze ro . In th is  
case, th e  Van den B erg a lg o rith m  cannot be used  to  p re d ic t  th e  solenoidal
dom ain s t ru c tu re s  o f th e  p a r tic le s .
I t  should a lso  be n o ted  fro m  fig . 6.16 th a t  th e  c o n tra s t  in th e  F oucau lt 
im age is s ig n if ic a n tly  less  th a n  fo r  th e  m ore "norm al" co b a lt sam ples. The 
lack  o f c o n tra s t  a r is e s  fro m  sm a lle r L o ren tz  d e f le c tio n  ang les. If  some of 
th e  g ra in s  w ith in  such  "abnorm al" specim ens a re  n o t exchange coupled th en  
m agnetic  ch a rg e  could be p re se n t a t  th e  g ra in  bou n d aries. In th is  case , w ere  
th is  to  p roduce an  m agnetic  fie ld  above and below  th e  p a r tic le , in a  
d irec tio n  w hich opposes th e  d irec tio n  of induction  in th e  g ra in  i ts e lf ,  th e  
L o ren tz  d efle c tio n  ang le  w ould be decreased , so lead in g  to  a  re d u c tio n  in  th e  
c o n tra s t  in th e  f in a l  im age.
It  w as no ted  th a t  th e  dom ain s tru c tu re s  o f som e o f th e  p a r tic le s  ap p ea r 
abnorm al due to  th e  p re sen ce  o f "sub-dom ains". T hese reg io n s  a r is e  due to  
local exchange coupling and m ag n e to c ry s ta llin e  an iso tro p y  e f f e c ts  w hich 
re s u lt  in th e  d ire c tio n  o f m ag n e tisa tio n  w ith in  th e se  iso la ted  reg io n s being 
in a  d if fe re n t  d irec tio n  fro m  th e  r e s t  o f th e  dom ain.
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CHAPTER 7
MICROSCOPIC PROPERTIES OF Si-DOPED GaAs QUANTUM WIRES FABRICATED BY 
ELECTRON BEAM LITHOGRAPHY.
7.1 INTRODUCTION
In c h a p te rs  4, 5 and 6 o f th is  th e s is  i t  h as  been show n th a t  techn iques 
av a ilab le  in e le c tro n  m icroscopy  can  be used  b o th  to  f a b r ic a te  and 
in v es tig a te  sm all s t r u c tu r e s  w hose dim ensions a re  in  th e  (su b )-m icro n  range . 
The e lec tro n  beam  lith o g rap h y  p ro cess , d esc rib ed  in  sec tio n  3 .3 , and w hich 
w as used to  m a n u fa c tu re  th e  sm all m agnetic  p a r tic le s ,  can  a lso  be ad ap ted  to  
fa b r ic a te  o th e r devices and s t ru c tu re s  w ith  sm all d im ensions. One common use 
of e le c tro n  beam  lith o g rap h y  is in th e  m an u fa c tu re  "quantum  w ires", (Kelly 
(1986), Adams (1990)). T hese a re  sm all s t ru c tu re s  w hich have a p rec ise ly  
defined  shape, and a lso  have in te re s tin g  and novel e le c tr ic a l  and o p tica l 
p ro p e rtie s . The p ro cess  by which such w ell d e fin ed  w ire s  a re  fa b r ic a te d
involves th e  use o f bo th  e lec tro n  beam  lith o g rap h y  and re a c tiv e  ion etch ing .
D uring th is  l a t t e r  p ro cess  th e  sam ple is bom barded  w ith  ions o f en e rg ies  in 
th e  ran g e  100 to  lOOOeV, and th is  can cause  d e te r io ra tio n  o f bo th  th e  
e le c tr ic a l  and o p tica l p ro p e r tie s  of th e  sem iconducto r. Damage caused  in 
th is  way is o f te n  r e f e r r e d  to  as  "dry e tch  dam age".
In v estig a tio n  o f d ry  e tch  dam age is f req u en tly  by in d ire c t m eans, e.g .
com parison  of S cho ttky  ju n c tio n s  fo rm ed  on e tch ed  and unetched  su rfa c e s , 
(Cheung (1987) and (1988)), o r Ram an s c a tte r in g  (W att (1988)). A lthough 
th e se  m ethods do give som e in fo rm atio n  re g a rd in g  th e  e x te n t to  w hich d ry  
e tch ing  cau ses  dam age, no in fo rm atio n  is ob ta ined  on th e  m icroscop ic e x te n t 
o r  fo rm  o f th e  dam age. A m uch im proved s itu a tio n  w ould involve d ire c t
im aging o f th e  dam aged reg io n s in such devices.
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T his c h a p te r  o u tlin e s  a  m ethod using tra n sm iss io n  e le c tro n  m icroscopy, which 
enab les th e  dam aged reg io n s in quantum  w ire s  to  be c h a ra c te r is e d  m ore 
com pletely . S ection  7 .2  d esc rib es  th e  TEM im aging m ode w hich can  rev ea l th e  
dam aged reg io n s  o f th e  w ire s . S ection  7 .3  d iscu sses  th e  fa b r ic a t io n  p ro cess  
o f quantum  w ire s , w ith  p a r tic u la r  em phasis being  p laced  on th e  s lig h t 
m o d ifica tio n s  w hich m ust be in tro d u ced  in o rd e r  th a t  th e  w ire s  can be 
ana lysed  in th e  tra n sm iss io n  e lec tro n  m icroscope. R esu lts  fro m  th e  an a ly sis  
o f th e  w ire s  a re  th en  given in sec tio n  7.4.
7 .2  IMAGING CONDITIONS -  STRUCTURE FACTOR CONTRAST
I t  w as s ta te d  above th a t  v ario u s  m ethods (e.g . Cheung (1987), (1988)) w hich 
had  p rev iously  a tte m p te d  to  d esc rib e  th e  e x te n t o f d ry  e tch  dam age su ffe re d  
fro m  th e  f a c t  th a t  th e  an a ly s is  w as by in d irec t m ethods. U sing techn iques 
w ith  h igh s p a tia l  re so lu tio n  availab le  in  th e  tra n sm iss io n  e lec tro n  
m icroscope, i t  is possib le  to  in te rp re t  th e  c o n tra s t  v a r ia tio n  w ith in  c e r ta in  
ty p es  o f im ages a s  having a r is e n  fro m  dam aged reg io n s  w ith in  th e  quantum  w ire  
i ts e lf .  D irec t in v es tig a tio n  o f th e  dam age in  th e  w ire s  is th en  possib le . 
The fo llow ing  sec tio n  d esc rib es  a c o n tra s t  m echanism  w hich can  rev ea l th e  
dam aged reg io n s in th e  w ires .
A p a ra lle l  beam  o f e le c tro n s  inciden t on th e  specim en is  d i f f r a c te d  th ro u g h  
v ario u s d if f e re n t  B ragg  ang les ( 0  ), as  show n sch em a tica lly  in fig . 7.1.
B
Using th e  d e sc rip tio n  f i r s t  given by B ragg, (see e .g . K itte l (1986)) th e  
"Bragg" angle ( 0  ) is defined  as
B
2 d sin  ( 0  ) = n A (7.1)
hkl  B
w h ere  dhki is th e  p lane sp ac in g  betw een  successive  (hkl) p lanes; h, k and 1 
ape th e  M iller ind ices and A is  th e  w avelength  o f th e  inc iden t beam  of 







Objective aperture, situated 
in the back focal plane.
(b)
20
Fig. 7.1 Diagram showing the effect of the objective lens in bringing 
the diffracted beam to a focus (a) off-axis and (b) on the 
optic axis. In both cases the beam is brought to a focus in 
the diffraction plane.
From  fig . 7 .1(a), and  in a  s im ila r  m anner to  th e  p ro c ess  w hich o ccu rs  in  th e  
F oucau lt mode, (sec tio n  2 .2 .3 ) p a ra lle l inciden t illu m in atio n  en su res  th a t
th e  tr a n s m it te d  beam  is  b ro u g h t to  a focus in th e  d if f r a c t io n , o r  back  focal, 
p lane o f th e  o b jec tiv e  lens. T hose p a r ts  o f th e  in c id en t beam  w hich pass 
undev iated  th ro u g h  th e  specim en a re  b ro u g h t to  a fo cu s on th e  o p tic  ax is  of 
th e  m icroscope, and th o se  w hich a re  d if f r a c te d  th ro u g h  som e angle 0 , a re
B
b ro u g h t to  a  fo cu s a t  some position  o ff  th e  o p tic  ax is . In o rd e r  to
ca lc u la te  th e  in te n s ity  co n ta in ed  in each o f th e  d if f r a c t io n  sp o ts  i t  is 
n ec essa ry  to  p e rfo rm  a  m uch m ore d e ta iled  ex am in a tio n  o f th e  d if f ra c tio n  
p ro cess . The s c a tte r in g  p ro cess  i ts e lf  a r is e s  due to  th e  Coulombic 
in te ra c tio n  betw een  th e  in c id en t e lec tro n s , th e  ch a rg ed  nucleus and th e
o rb itin g  e le c tro n s  o f th e  atom . It can  be show n (Cowley (1975)) th a t  th e
s c a tte re d  wave is  in  th e  f  o rm  of a  sp h e rica l w ave w hose am plitude is 
p ro p o rtio n a l to  th e  F o u rie r  t ra n s fo rm  o f th e  e le c tro s ta t ic  la t t ic e  p o ten tia l. 
The am plitude o f th e  s c a tte re d  wave is given by a  " s tru c tu re  fa c to r" ,  f(0 ), 
given by;
w here  r  a r e  th e  p o sitio n s  o f th e  atom s in th e  u n it cell; V( r  ) is th e  
— i  — i
e le c tro s ta t ic  p o te n tia l a t  a  po in t _r ; dTj is  an  e lem en t o f volum e in th e
u n it ce ll and K is th e  d iffe re n c e  in w avevector betw een  th e  in c id en t and
s c a tte re d  w aves. T h a t th e  value of f (0) re lie s  on V( _ r_ ) m eans th a t  a tom s
w ith  s im ila r  d is tr ib u tio n s  o f p o ten tia l w ill have s im ila r  values o f f(0 ), and 
th is  may occu r if  fo r  exam ple, th e  atom ic num bers o f tw o sp ec ie s  a re  sim ila r . 
V alues o f f(0 ) f o r  elem en ts used in th is  th e s is  a re  given in ta b le  7.1. It
can  be shown th a t  eqn. 7 .2  is a  m axim um  when JC coincides w ith  a  rec ip ro ca l 
la t t ic e  vec to r. Hence fo r  s tro n g  s c a tte r in g  conditions;
w h ere  b a re  th e  re c ip ro c a l la t t ic e  v ec to rs , and also
(7.2)
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Table 7.1 List of the relativistically corrected atomic scattering
factors f of several elements for lOOkeV electrons scattered
a
through an angle 20 of approx. 12mrad 





Table 7.1(b) Numerical values of the structure factor F, , for materials
(002)
relevant to this thesis.
Material F(Q02) (A )
GaAs 2.42
A1 Ga As 4.37
0 .7  0 .3
r  = B . a  + C . a  + D . a
  1 — 1 1 — 2  1 — 3
w here  _a a re  th e  la t t ic e  v ec to rs  in re a l  space. I t  should  be no ted  th a t  by 
d efin itio n ;
a  . b = S
— i — i ij
I t  can  be show n th a t  th e  s c a tte r in g  fro m  an assem bly  o f u n it ce lls  is  given 
by th e  sum  o f each  o f th e  s t ru c tu re  f a c to r s  o f each  u n it ce ll m u ltip lied  by 
th e  a p p ro p r ia te  ph ase  f a c to r .  F o r s tro n g  d if f r a c t io n  fro m  an  a r r a y  o f u n it 
ce lls , th e  s t r u c tu r e  f a c to r  is  given by F(0), w here
F(0) = Z f  (0) exp  { - Z ni  ( A B + A C + A D ) )  (7.3)
i i 1 i 2 i 3 i
I t  is  assum ed  th ro u g h o u t th a t  th e  inciden t beam  only s u f f e r s  one, i f  any,
s c a tte r in g  even t, and a lso  th a t  th e  energy  t r a n s f e r r e d  to  th e  beam  du rin g  a  
s c a tte r in g  even t is  neg lig ib le . This is known as  th e  K inem atic 
ap p ro x im a tio n , and is valid  fo r  th e  im aging mode used  to  exam ine th e  th in  
(~70nm) quan tum  w ire  specim ens.
F rom  fig . 7.1(a) i t  can  be seen  th a t  by ca re fu lly  po sitio n in g  an  a p e r tu re , 
s i tu a te d  in th e  d if f r a c t io n  p lane, only c e r ta in  d if f r a c te d  beam s a re  allow ed 
to  be tra n s m itte d  th ro u g h  th e  a p e r tu re  in o rd e r to  fo rm  th e  f in a l im age.
P lacing  th e  a p e r tu re  aro u n d  e.g . th e  (002) sp o t w ould allow  only those  
e lec tro n s  w hich had been d if f r a c te d  from  (002) p lan es to  fo rm  th e  fin a l 
im age. T his type o f im age is ca lled  an  (002) d ark  f ie ld  im age. In norm al 
p ra c tic e , r a th e r  th an  p lacing  th e  a p e r tu re  o f f -a x is ,  a s  would be th e  case  fo r  
fig . 7.1(a), th e  inciden t beam  is t i l te d  p r io r  to  th e  specim en in such a  way 
th a t  th e  (002) d i f f r a c te d  beam  tra v e ls  down th e  o p tic  ax is , a s  shown in fig . 
7.1(b). D ark fie ld  im ages fo rm ed  in th is  way ten d  to  be s ig n ific an tly  less 
a s tig m a tic  th a n  th o se  fo rm ed  by sh if tin g  th e  a p e r tu re  o f f -a x is .  D ark fie ld  
TEM im ages rev ea l c o n tra s t  w hich is re la te d  to  th e  s t ru c tu re  f a c to r  F of 
th e  m a te r ia l th ro u g h  w hich th e  beam  has passed.
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GaAs h as  a  fa c e  c e n tre d  cubic s t r u c tu r e  w ith  a  b a s is  o f 2 a to m s (one Ga and
one As) a t  each  la t t ic e  po in t. The f ra c t io n a l  c o -o rd in a te s  o f th e  atom s
w ith in  a  u n it ce ll o f GaAs a re  (0 ,0 ,0 ) , ( 0 , — , —  ), ( —  , 0 , — ) and
2 2 2 2
( ^ - , ^ - , 0 )  f o r  Ga and ( -L  , -L  , -L  ), ( “T  ’ 4 "  ’ “T  * “T  ’ “I" ’ “T  * ^2 2  4 4 4  4 4 4  4 4 4
3 1 3( — , — , — ) fo r  As. F rom  eqn. 7 .3 , th e  s t ru c tu re  f a c to r  F (GaAs) fro m  a
4 4 4 n  0 0 2
u n it ce ll o f GaAs is given by;
F (GaAs) = 4 ( f  _ -  f  . ) (7.4)002 002/G a 002/A s
w h ere  f  and f  a r e  th e  s c a tte r in g  f a c to r s  o f Ga and  As a t  th e
002/G a 00 2 /A s &
B ragg angle a p p ro p r ia te  to  (002) p lanes. As th e  a tom ic  num bers o f Ga and As
a re  s im ila r , f  ~ and f  , a r e  s im ila r , (see ta b le  7.1, (Doyle and002/G a  002/A s j
T u rn e r (1967))), and hence F (GaAs) is very  sm all. The in te n s ity  in an
002
(002) d a rk  f ie ld  im age fro m  GaAs is  given by;
I ( GaAs ) a  Fn Frtrt0 (7.5)
002 002 002
w h ere  F and F* deno te th e  (002) s t ru c tu re  f a c to r  and  com plex co n ju g a te  
002 002
o f th e  (002) s t ru c tu re  f a c to r  o f GaAs re sp ec tiv e ly . From  eqn. 7 .4  an  (002) 
d a rk  f ie ld  im age fro m  a  p e r fe c t  GaAs c ry s ta l  should be very  low in in ten s ity . 
The s itu a tio n  does change, if  fo r  exam ple th e re  is a  dev ia tion  aw ay fro m  
s to ich io m etry  w hich changes th e  s t ru c tu re  f a c to r ,  F002( GaAs ), o f th e  
c ry s ta l. The e f fe c t  th is  h as  on th e  f in a l im age in te n s ity  w ill be m ade 
c le a re r  by exam ining th e  exam ple o f a G aAs/A lQ 3G aQ ^As m u ltip le  quantum  w ell 
system .
Eqn. 7 .4  can be ex p ressed  in m ore g en e ra l te rm s  as;
F = 4 [ p S -  p S ] (7.6)002 v 2 ill
w here  p i and p2 a re  th e  p ro b a b ilitie s  th a t  th e  g roup  fiv e  and  g roup  th re e
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s i te s  w ith in  a  u n it ce ll o f GaAs a re  occupied. In p u re  GaAs, w ith  no d e fe c ts
p = p = 1 .  S and S a r e  th e  (002) s t ru c tu re  f a c to r s  o f th e  atom s 1 2 v III
occupying th e  g roup  fiv e  and  g roup  th re e  s i te s  in th e  GaAs u n it ce ll. In th e  
case  o f a  p e r fe c t  GaAs c ry s ta l  S and S a re  given by f  and  f
^ J V III & J 00 2 /A s 002/G a
re sp ec tiv e ly , w hile in  th e  ca se  o f a  p e r fe c t  A1 Ga, As ce ll, S and  S 
^  J K x  ( l-x )  v III
a re  given by
S = f
V 00 2 /A s
S = X f  + (1 -x ) f
III 002/A1 002/G a
Hence in a  p e r fe c t  A1 Ga As c ry s ta l  (p = p = 1), th e  (002) s t ru c tu re
^ x  ( l -x )  J *1 * 2
f a c to r  is  given by;
F 002 =  4  (  X f 002/A ! +  (1 - X) f 002/G a “ *0,0, J  <7'7 )
As th e  value o f dFoo2 * 0, v a r ia tio n s  in x  w ill th e re fo re  lead  to  in te n s ity
dx
changes in th e  f in a l  im age. An (002) d ark  f ie ld  im age o f a  m o lecu la r beam  
e p ita x ia lly  (MBE) grow n G aA s/ A1q 3GaQ 7As sy stem  fa b r ic a te d  a t  th e  
U n iv ersity  o f G lasgow  is show n in fig . 7.2. In th is  im age th e  b r ig h t lay e rs  
a re  A1 Ga As, (x = 0 .3 ) and th e  d ark  lay e rs  sire GaAs, (x = 0).
0 .3  0.7 J
The q u a lity  and s ize  o f GaAs/A l Ga As quantum  w ells  have been exam ined
M J 0 .3  0.7
ex ten siv e ly  using  th is  s t ru c tu re  fa c to r  c o n tra s t  techn ique (McGibbon (1989)).
In c o n tra s t  to  th e  quantum  w ire s  to  be stud ied , th e  m u ltip le  quan tum  well 
sy stem  is  e a s ie r  to  q u a lita tiv e ly  analyse , and hence fa m ilia r is a tio n  w ith  th e  
tech n iq u es of (002) d ark  fie ld  im aging w as achieved using  th is  m a te r ia l. 
(The c ro s s -se c tio n a l specim en p re p a ra tio n  techn ique fo r  an a ly sin g  th e  
GaAs/A l Ga As quantum  w ell s t ru c tu re s  in th e  TEM is w ell docum ented (Chew
0 .3  0.7 M
and  C ullis (1987).) The m ain po in t to  no te  is th a t  fro m  eqns. 7 .6 , th e  im age 
in te n s ity  in an  (002) d a rk  f ie ld  im age o f GaAs is low, and any v a r ia tio n s  in
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F ig . 7 .2  (0 0 2 ) d ark  f i e l d  im a g e  o f  a GaAs/ A1q 3&a Q ?As m u l t i p l e
quantum  w e ll sy s tem .
th e  com position o f th e  c ry s ta l ,  w hich re s u lt  in a  change in  th e  value o f th e  
s t r u c tu r e  f a c to r  FQo2(GaAs), w ill lead  to  changes in in te n s ity  in th e  f in a l 
d a rk  f ie ld  im age.
7 .3  SPECIMEN PREPARATION -  QUANTUM WIRES
Q uantum  w ire s  a re  m ade using  a  se r ie s  o f lith o g rap h ic  and d ry  and  w e t e tch in g  
s tep s ; v ario u s  p a r ts  o f th e  fa b r ic a t io n  p ro cess  b e a r  a  s tro n g  s im ila r ity  to  
th o se  d esc rib ed  in sec tio n  3 .3 . W ires su itab le  fo r  an a ly s is  u sin g  TEM w ere
fa b r ic a te d  using  th e  tech n iq u e  show n in f ig s . 7 .3  and 7.4.
In a  s im ila r  m anner to  th e  p ro cess  o f sec tio n  3 .3 .2 , tw o  la y e rs  o f e lec tro n  
beam  sen s itiv e  r e s is t  w ith  h igh and  low m olecu lar w e ig h ts , (4% BDH in xylene 
and 4% E lvac ite  in ch lo robenzene) w ere  spun onto a  th ick , (0.5m m ) S i-doped
17 —3(2.0x10 cm ) GaAs s u b s tra te ,  fig . 7 .3 (a). A su ita b le  p a t te r n  w as th en
exposed , ag a in  using  th e  P h ilip s PSEM 500, and th e  r e s is t  w as developed a s  
d esc rib ed  in sec tio n  3 .3 .4 . The tw o  lay er system  com prising  high and low 
m o lecu la r w e ig h ts  ag a in  r e s u l ts  in an  u n d ercu t p ro f ile , as  show n in  fig .
7 .3 (b ). A 50nm  th ick  Ti lay e r is th en  th e rm a lly  ev ap o ra ted , un d er vacuum,
over th e  e n tire  sam ple, fig . 7 .3(c). (The re aso n  fo r  u sing  Ti w ill be 
d iscu ssed  below .) The m e ta l w hich is in c o n tac t w ith  th e  r e s is t  is  rem oved 
along  w ith  th e  r e s is t  by p lacing  th e  sam ple in a su itab le  so lvent. Only th e  
m e ta l which is in c o n tac t w ith  th e  GaAs s u b s tra te  rem ain s. The sam ple is 
th en  d ry  e tch ed  in e ith e r  SiCl o r  a  1:5 m ix tu re  o f CH /  H in  o rd e r  to  e tchJ 4 4 2
aw ay  th e  GaAs s u b s tra te ,  so leaving th e  w ires  s tan d in g  as  show n in fig .
7 .3 (d ). A p lan  view of th e  w ire  and th e  su p p o rtin g  s t r u c tu r e s  is show n in
fig . 7 .3(e).
It w as du ring  th is  la s t  s ta g e  th a t  th e  use of Ti a s  a  m eta l m ask w as very 
im p o rtan t. When used a s  a  m ask fo r  d ry  e tch ing  o f GaAs, Ti h a s  a  se lec tiv ity  
o f 1:10, i.e . f o r  each  m icron  o f Ti e tched  aw ay, 10pm a re  e tch ed  o f GaAs. 

















Fig. 7.3 Schematic diagram showing the first stages of the specimen







Fig. 7.4 Schematic diagram of the later stages of the specimen
preparation technique used to make the quantum wires.
th e  inc iden t d irec tio n s  o f th e  e tc h a n t (e.g. SiCl ). T h e re fo re , w hen
4
com bined w ith  th e  use o f Ti, th e  w ire s  ten d  to  have very  w ell d efin ed  shapes, 
w ith  q u ite  v e r tic a l w a lls , a s  show n by th e  SEM im age o f a  w ire  in  fig . 7.5. 
The w ire s  a re  ap p ro x im a te ly  50nm  th ick  and 500nm  high, a lth o u g h  both  
p a ra m e te rs  may v ary  depending on th e  ex a c t e tch in g  cond itions used. However, 
a lthough  under no rm al c irc u m sta n ces  th e  fa b r ic a tio n  of th e  quantum  w ire s  is 
now com plete, th ey  a re  no t y e t p a r tic u la r ly  su itab le  fo r  ex am in a tio n  in  a
TEM.
As d iscussed  in sec tio n  7 .2 , th e  dam aged reg ions in th e  w ire s  a re  rev ea led  by 
fo rm in g  d a rk  fie ld  im ages. In o rd e r  to  have th e  w ire s  in th e  c o r re c t
o r ie n ta tio n  w ith  re sp e c t to  th e  in c id en t beam , th e  w ire s  should  be ab le  to  be 
t i l te d  abou t th e  [110] ax is . Hence w ire s  o f th e  ty p e  show n in fig . 7 .5  w ere
fa b r ic a te d  in such a  way th a t  th e  long ax is  o f th e  w ire s  lay  p a ra lle l  to  a
[110] ax is  o f th e  s u b s tra te  on a  (001) p lane, a s  show n in f ig . 7 .3(d) and 
(e). S u itab le  m ounting o f th e  w ire s  th u s  en su red  th a t  e lec tro n s , in c id en t on 
th e  w ire  as  shown in fig . 7 .6 , w ere  close to  being p e rp en d icu la r  to  th e  (110) 
p lane. A sam ple h o lder w as sp ec ia lly  co n s tru c te d  w hich w ould enab le  th e  
in c id en t e lec tro n s  to  be d ire c te d  ap p ro x im a te ly  along  th e  [110] d irec tio n , 
and  th is  is show n in fig . 7.7. As th e  w ire s  a re  in g en e ra l only 500nm  high, 
t i l t in g  abou t th e  [110] ax is  w ould be m ade co n sid erab ly  e a s ie r  i f  th e  w ires  
w e re  on a  high, y e t n a rro w  p la tfo rm . T his type o f p la tfo rm  w ould m ean th a t  
a s  th e  w ire s  a re  t i l te d , n e ith e r  th e  inciden t n o r d if f r a c te d  beam s would 
co llide w ith  e ith e r  th e  p la tfo rm  o r th e  GaAs s u b s tra te .
To m ake a  su itab le  p la tfo rm , th e  e n tire  specim en is co a ted  w ith  an  u l t r a
v io le t sen sitiv e  p h o to re s is t, f ig . 7 .4 (a). The p h o to re s is t is  th en  covered 
w ith  a  su itab le  m ask, exposed, and th en  developed, a f te r  w hich th e  sam ple is
a s  show n in fig . 7 .4(b). A fte r  exposure  and developm ent o f th e  u.v.
sen s itiv e  p h o to re s is t, th e  e n t ire  sam ple is d ry  e tch ed  in a  SiCl^ p lasm a. 
T his re s u lts  in  a  p la tfo rm  w hich, as  a  d ire c t  r e s u l t  o f th e  highly 
an iso tro p ic  n a tu re  o f th e  d ry  e tch in g  technique, h as  s t r a ig h t  w a lls . In
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F ig . 7 .5  A s e c o n d a ry  e l e c t r o n  m ic ro s c o p e  (SEM) im age o f  a  quantum  
w ire .  N ote th e  wet e tc h e d  p la t fo rm  (B) on w hich th e  w ire







Fig. 7.6 Schematic diagram showing the initial direction of the 










( b ) I n c i d e n t  e l e c t r o n  d i r e c t i o n
C o p p er s p e c im e n  h o l d e r
GaAs s u b s t r a t e
Wet e t c h e d  p l a t f o r m
H o le  f o r  t r a n s m i t t e d  beam
F ig .  7 .7  P h o to g ra p h  o f  th e  s p e c im e n  h o ld e r  c o n s t r u c t e d  in  o r d e r  t h a t  
t h e  w i r e s  a r e  n e a r  t h e  c o r r e c t  o r i e n t a t i o n  f o r  a n a l y s i s .  A 
s c h e m a t ic  d ia g ra m  i s  a l s o  shown ( b u t  n o t  to  s c a l e )  in  ( b ) .
o rd e r  to  e tch  th e  to p  o f th e  p la tfo rm  back to w ard s  th e  b ase  o f th e  w ires , 
th u s  red u cin g  th e  a re a  of th e  top  s u r fa c e  of th e  p la tfo rm , th e  sam ple w as w et 
e tch ed  in a 1:8:1 so lu tio n  o f H 0:H  0  :H SO . Wet e tch ing , in  c o n tra s t  to
2 2 2 2 4 6
dry  e tch in g  is an iso tro p ic  p ro cess , and hence th e  p la tfo rm  is e tch ed  no t
only a t  i ts  base , b u t a lso  along  th e  v e r tic a l s id ew a lls  o f th e  p la tfo rm .
A fte r  rem oval o f th e  unexposed  p h o to re s is t, th e  p la tfo rm  h as a  p ro f ile  as
show n in fig . 7 .4(d). P la tfo rm s  o f th is  type allow  th e  specim en to  be t i l te d
th ro u g h  re la tiv e ly  la rg e  an g les, th u s  enab ling  th e  sam ple to  be o rien te d
c o rre c tly . The an a ly sis  o f th e  w ire s  is  a lso  m ade co n sid erab ly  e a s ie r . An
SEM im age of d ry  e tch ed  w ire s  m ounted on a  w et e tch ed  p la tfo rm  is  show n in
fig . 7.5.
Q uantum  w ire s  fa b r ic a te d  using  th is  p ro ced u re  w ere  exam ined  using  th e  d a rk  
f ie ld  im aging techn iques d iscu ssed  in sec tio n  7.2. The d ry  e tch in g  p ro cess  
c a r r ie d  ou t betw een  fig . 7 .3 (c) and 7 .3(d) w as done using  tw o  d if fe re n t  
e tch in g  com pounds viz. SiCl4 and CH4/H 2 and th e  dam age w hich each  cau ses  to  
th e  w ire s  is d iscussed  se p a ra te ly  in  sec tio n s  7.4.1 and 7 .4 .2  re sp ec tiv e ly .
7 .4  RESULTS FROM GaAs QUANTUM WIRES
W ires su itab le  fo r  ex am in a tio n  by TEM w ere  p re p a re d  using  th e  m ethod 
d esc rib ed  in sec tion  7.3. The ex p e rim en ta l a rran g e m e n t fo r  th e  s tu d y  o f th e  
w ire s  is ou tlined  below. D iff ra c tio n  p a t te rn s  fo rm ed  fro m  su ita b ly  o rien te d  
w ire s  allow ed id e n tif ic a tio n  of th e  (002) d if f ra c t io n  spo t. A d if f r a c t io n  
p a t te r n  ob ta ined  fro m  one o f th e  w ire s  is shown in fig . 7 .8 (a ), and each  of 
th e  sp o ts  is indexed in fig . 7 .8(b). Only ju s t  over h a lf  o f th e  p a t te r n  can 
be observed  as  th e  o th e r h a lf  co llides w ith  th e  p la tfo rm  o r th e  s u b s tra te ,  
and hence is obscured. F u r th e r , using  th e  Kikuchi (Cowley (1975)) p a t te rn , 
fo rm ed  w ith  convergen t in c id en t illum ination , th e  in te n s ity  in th e  (002) spo t 
could be m axim ised by p lacing  th e  a p p ro p ria te  Kikuchi band  on to p  o f th e  
re le v a n t sp o t, i.e . th e  in te n s ity  in an (002) sp o t is m axim ised  by having th e
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8 (a )  D i f f r a c t i o n  p a t t e r n  o b ta in e d  from  a GaAs quantum  w ire ,
w ith  th e  s p o ts  in d ex ed  in  ( b ) .
(002) K ikuchi band on to p  o f th a t  sp o t. In p ra c t ic e  th e  (002) Kikuchi band  
is so w eak th a t  i t  canno t be observed  and  so th e  in ten s ity  in  th e  (002) is 
m axim ised  by p lac in g  th e  (004) Kikuchi band  (w hich is visib le) ap p ro x im a te ly  
m idw ay b e tw een  th e  (002) and (004) d if f r a c t io n  sp o ts . The specim en is  th en  
t i l te d  s lig h tly , w hile observ ing  th e  (002) d if f r a c t io n  spo t, in o rd e r  to  
d e te rm in e  th e  o r ie n ta tio n  w hich m ax im ises th e  in te n s ity  in th e  (002) sp o t. 
T his en su re s  th a t  th e  inciden t beam  is a t  th e  B ragg  angle a p p ro p ria te  to  th e  
(002) p lane.
7.4.1 ANALYSIS OF WIRES ETCHED IN SiCl
4
In th e  ca se  o f w ire s  e tched  in SiCl^ th e  e tch in g  took  p lace  a t  a  p re s su re  o f 
12mT f o r  2 m ins., w ith  r . f .  pow er o f 100W and  a  co rresp o n d in g  d .c . b ia s  o f 
260V. (T hese a r e  s ta n d a rd  e tch in g  co n d itio n s w hich  have been o p tim ised  fo r  
e tch in g  GaAs using  SiCl^.)
The c ry s ta ll in i ty  o f th e  w ire s  w as f i r s t  exam ined  in  o rd e r to  s tu d y  i f  th e re  
w as any  lo ss  o f  th e  c ry s ta l  s t ru c tu re  along  th e  len g th  o f th e  w ire . To 
enab le  th is  ty p e  o f study  to  be u n d ertak en , th e  sm a lle s t "spot" s ize  (sec tio n  
2.2) w as se lec ted  on th e  m icroscope, and  th en  focused  on th e  w ire . 
D iff ra c tio n  p a t te rn s  fro m  chosen a re a s  o f th e  specim en w ere  th en  fo rm ed  w ith  
a  co n v erg en t inc iden t beam, (sec tion  3 .4). U nder th e se  c ircu m stan ces  a  
d if f r a c t io n  p a t te rn  is ob ta ined  fro m  a reg io n  w hich is ap p ro x im a te ly  50nm  in 
d iam e te r . As th e  specim en is moved re la t iv e  to  th e  spo t, any loss o f 
c ry s ta ll in i ty  in th e  w ire  would be accom panied by a  change in th e  fo rm  o f th e  
d if f r a c t io n  p a tte rn . As th e  focused  sp o t w as moved over th e  w ire , and in 
p a r t ic u la r  over th e  reg ion  n ea r th e  end o f th e  w ire , (which had been exposed 
to  th e  SiCl ) no s ig n if ic a n t changes could be d e tec ted  in th e  fo rm  o f th e
4
d if f r a c t io n  p a t te rn .  It is th e re fo re  assum ed  th a t  th e re  is no a p p a re n t lo ss 
o f th e  c ry s ta l  s t ru c tu re  a t  any po in t along  th e  len g th  o f th e  w ire .
A s e r ie s  o f im ages w ere  ob ta ined  in th e  TEM fo r  v ario u s  SiCl^ e tch ed  w ire s .
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In each  ca se  an  (000) o r b rig h t f ie ld  and  (002) d a rk  fie ld  im ages w ere  
reco rd ed . An im age f  orm ed by e le c tro n s  w hich had been in e la s tic a lly  
s c a tte re d  w as a lso  o b ta in ed  as  any in te n s ity  v a r ia tio n s  in th is  type  o f im age 
would be in d ica tiv e  o f th ick n ess  v a r ia tio n s  along  th e  leng th  of th e  w ire
its e lf .  An (000) im age o f th e  end of a  w ire  e tch ed  in SiCl^ is show n in fig . 
7.9 , w ith  th e  co rresp o n d in g  (002), and in e la s tic  im ages in fig s . 7.10 to
7.11. I t  can  c le a r ly  be seen  th a t  in th e  (002) im age th e re  is a  b r ig h t band 
a t  th e  edge o f th e  w ire  ex ten d in g  ap p ro x im a te ly  50nm  along th e  leng th  o f th e  
w ire . From  eqn. 7 .6  in te n s ity  v a r ia tio n s  in th e  (002) im age would in d ica te
th a t  any o r a ll o f p , p2> Sy o r could be vary ing . By d e fin itio n  p j and
P2 re p re s e n t  th e  p ro b a b ility  th a t  th e  g roup  fiv e  and  th re e  s i te s  a re  occupied 
re sp ec tiv e ly . If th e  e tch in g  p ro cess  w e re  to  in tro d u ce  d e fec ts  in to  th e
c ry s ta l  s t r u c tu r e ,  e i th e r  o r both  o f p^ and p2 w ould vary , so re su ltin g  in an  
in te n s ity  v a r ia tio n  in th e  (002) im age. H ow ever i f  th e  50nm b road  b rig h t 
band in  th e  im age w ere  caused  by d e fe c ts  on th is  sca le , th e  fo rm  o f th e  
d if f r a c t io n  p a t te r n  w ould vary  around  th is  reg io n , and  th is  w as no t found  to  
be th e  case . A lte rn a tiv e ly  if  vacancies did e x is t  a t  e .g . g roup  th re e  s i te s  
and w e re  su b seq u en tly  f ille d  by group fiv e  a to m s, th is  would again  re s u lt  in
in te n s ity  v a r ia tio n s  in th e  f in a l (002) im age a s  S would vary . In ten s ity
v a r ia tio n s  in th e  (002) im age only se rv e  to  in d ica te  th a t  th e re  is some
dev ia tio n  aw ay  fro m  sto ich io m etry  in th o se  reg io n s  which ap p ear d a rk e r  o r 
b r ig h te r  th a n  th e  a p p a ren tly  undam aged c ry s ta l.  I t  should also  be no ted  th a t  
th ick n ess  v a r ia tio n s  m ust a lso  be accoun ted  fo r ,  because  w ere  th e  w ire  to  
become th in n e r  to w a rd s  th e  end o f th e  w ire , th is  would re s u lt  in a  s im ila r  
change in  in ten s ity . E xam ination  o f th e  in e la s tic  d a rk  fie ld  im age, fig .
7.11, and a lso  th e  SEM im age, fig . 7.12, in d ica te s  th a t  th e re  is a  neg lig ib le
th ick n ess  v a r ia tio n  along th e  leng th  of th e  w ire  and  th e re fo re  th e  changes in 
in te n s ity  in th e  (002) im age a re  no t a t t r ib u ta b le  to  th ick n ess v a r ia tio n s .
The in te n s ity  v a r ia tio n s  in th e  im ages can  th e re fo re  be a t t r ib u te d  to  changes 
in th e  value o f th e  s t ru c tu re  fa c to r ,  caused  by com positional changes in th e
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F ig . 7 .9  (000) b r i g h t  f i e l d  im age o f  a w ire  w hich  had been  d ry  e tc h e d  
in  S iC l .
4
280nm
F ig . 7 .1 0  (0 02) d a rk  f i e l d  im age o f  a  w ire  w hich had been  d ry  e tc h e d  
in  S iC l .
4
F ig .  7 .1 1  Dark f i e l d  image form ed u s in g  e l e c t r o n s  which had been  
i n e l a s t i c a l l y  s c a t t e r e d .  The w ire  w hich had been d ry  e tc h e d
in  S iC l .
4
F ig . 7 .1 2  SEM image o f  a w ire  w hich had been  e tc h e d  in  S iC l .
m a te r ia l.
Such f e a tu r e s  have very  re cen tly  been re p o r te d  by Cheung (1990), d u rin g  an  
in v es tig a tio n  o f th ic k e r  SiCl^ e tched  w ire s . I t  a p p e a rs  fro m  th e  (002) 
im age, f ig . 7.10, th a t  th e  e x te n t o f th e  dam age is q u ite  s ig n ific a n t over a  
d is tan ce  o f ~ 50nm . From  th e  in te n s ity  v a r ia tio n s , th e  sca le  o f th e  dam age 
ap p e a rs  to  d e c rea se  m onotonically  w ith  in c re a s in g  d is tan ce  aw ay fro m  th e  edge 
o f th e  w ire .
From  eqn. 7 .6  i t  can  be seen th a t  using  th e  re la tiv e ly  sim ple (002) d ark
fie ld  im aging  tech n iq u e  i t  is im possib le to  su g g es t w h e th e r th e  in te n s ity
v a r ia tio n s  a r is e  fro m  changes in S o r  S . T his is due to  th e  f a c t  th a tv III
th e  in te n s ity  in an  (002) d ark  fie ld  im age is  p ro p o r tio n a l to  th e  SQUARE o f 
th e  d if fe re n c e  in s t ru c tu re  fa c to rs .  However th a t  such  in te n s ity  v a r ia tio n s  
do e x is t  w ould in d ica te  th a t  th e re  a re  d ev ia tio n s aw ay fro m  s to ich io m etry  in 
th e  GaAs c ry s ta l .  P o in ts  such a s  th is  w ill be d iscu ssed  fu r th e r  in c h a p te r  
8.
7 .4 .2  QUANTUM WIRES ETCHED IN CH4/  H2
W ires w hich  had  been d ry  e tched  in CH^/ a t  a  p re s su re  o f 16mT, w ith  a  g as  
ra t io  o f 1:5 o f CH^/ and flow  r a te s  o f 6 :30sccm  re sp ec tiv e ly  fo r  14 
m in u tes w e re  a lso  exam ined using  th e  above p ro ced u re . The r . f .  pow er w as 
150W and a  d .c  b ia s  o f 940V w as used. T hese co nd itions a re  aga in  s ta n d a rd  
and op tim ised  fo r  e tch in g  GaAs using  CH^/H^
A s e r ie s  o f (000), (002), and in e la s tic  im ages w e re  o b ta in ed  fro m  th e  CH^/ H2
etch ed  w ire s , and a re  shown in fig s . 7.13 to  7.15. I t  should be no ted  th a t
th e  Ti m e ta l m ask is m arked  A in fig . 7.13. From  th e  (000) im age, fig . 7.13,
i t  is  a p p a re n t th a t  th e re  is some coa ting , m arked  B, w hich ex ten d s over th e
e n tire  specim en. A nalysis o f fig . 7.13 and th e  h igh m ag n ifica tio n  SEM im age 
shown in f ig . 7.16, in d ica te s  th a t  th is  is  m ost p robab ly  a  th in  re s id u a l 
lay e r o f u.v. sen s itiv e  p h o to re s is t w hich h as  n o t been rem oved in th e
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Fig. 7.14 (002) dark field image of a wire which had been dry etched 
in CH /H .
4 2
Fig. 7.15 Dark field image formed using electrons which had been 
inelastically scattered. The wire which had been dry etched 
in CH /H .
4  2
Fig. 7.16 High magnification image of a CH /H^ etched wire showing the 
residual coating of photoresist, marked B.
developm ent s ta g e . F rom  th e  s e r ie s  o f TEM im ages, f ig s . 7.13 to  7.15, i t  is
im m ediately  a p p a re n t th a t  th e  n a tu re  o f th e  dam age in th e  CH /H  etched  w ire s  
is very  d i f f e re n t  fro m  th a t  o f th e  SiCl e tch ed  w ire s . From  th e  (002) d a rk
4
fie ld  im age th e  w ire s  ap p e a r to  be "spotty". F e a tu re s  w hich resem ble  th o se
observed  in th e  w ire s  have been re p o r te d  by F re is e r  (1985) a f te r  d ry  e tch ing
of Si. T hese f e a tu re s  w ere  a t t r ib u te d  to  d is lo ca tio n  loops in th e  c ry s ta l
caused  by th e  d ry  e tch in g  p rocess. From  im ages such  as  th o se  of fig . 7.14, 
i t  w as e s tim a te d  th a t  th e se  d is lo ca tio n  loops had  an av e rag e  d iam ete r o f 
ap p ro x im a te ly  7nm. D efec ts  of th is  kind have a lso  been re p o rte d  by S andana 
(1985) fo llo w in g  p ro to n  im p lan ta tio n  o f GaAs. F rom  (002) d a rk  f ie ld  im ages 
re co rd e d  along  th e  len g th  o f th e  w ire s  no com positional changes could be
d e tec ted . C onvergent beam  d if f r a c t io n  p a t te r n s  w e re  a lso  reco rd ed  fro m  
v ario u s p o in ts  along  th e  w ire , and no ob serv ab le  changes in th e  fo rm  o f th e  
p a t te r n  could be d e tec ted . It should be n o ted  th a t  th e  sp o t size  used to  
fo rm  th e  d if f r a c t io n  p a t te r n s  had a  d iam e te r o f ap p ro x im a te ly  50nm , and th a t  
th e  av e rag e  d is lo ca tio n  loop is 7nm in d iam ete r.
GaAs w ire s  e tch ed  in CH ^Ai 2 d i f f e r  s ig n if ic a n tly  in th e ir  e le c tr ic a l and 
o p tica l p e rfo rm an c e  fro m  th o se  e tched  in SiCl^. T h is  w as due to  th e  p resen ce  
of hydrogen  tra p p e d  in th e  GaAs la t t ic e  a f t e r  th e  e tch in g  p ro cess  and w hich 
p a ss iv a te s  th e  Si dopant. As th e  d iffu s io n  c o e ff ic ie n t o f hydrogen in GaAs
is re la tiv e ly  high, th is  e f fe c t  is no rm ally  overcom e by annealing  th e  
specim en a t  380C fo r  Is in o rd e r th a t  th e  hydrogen  d iffu se s  ou t o f th e  
la tt ic e .  The im ages o f th e  CH4/H 2 etch ed  w ire s  show n in f ig s . 7.13 to  7.15 
w ere  o b ta in ed  p r io r  to  annealing . Im ages re co rd e d  fro m  th e  sam e w ire  a f te r  
annealing  show ed th a t  th e  d isloca tion  loops w ere  s t i l l  p re sen t, and in f a c t  
th e re  w e re  no o bservab le  d iffe re n c e s  in th e  fo rm  of th e  w ire s  a f te r  
annealing . The f e a tu re s  a t t r ib u te d  to  d is lo ca tio n  loops a re  s t i l l  p re se n t, 
th e re  w as no a p p a re n t loss of th e  c ry s ta l  s t ru c tu re ,  no r w as th e re  any 
ob serv ab le  change in th e  com position  o f th e  c ry s ta l.
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7 .4 .3  SUMMARY
From  th e  r e s u l ts  d e sc rib ed  in sec tio n s  7.4.1 and  7 .4 .2 , i t  h as  been shown
th a t  th e  dam aged reg io n s  w hich a re  caused  by th e  re a c tiv e  ion e tch in g  can  be 
in v es tig a ted  in  th e  tra n sm iss io n  e lec tro n  m icroscope using  d ark  fie ld  im aging 
techn iques. The n a tu re  o f th e  dam age caused  by th e  tw o  d if fe re n t  e tch ing
p ro cess  w as q u ite  d i f f e re n t  in fo rm ; in th e  ca se  o f e tch ing  in SiCl^, 
com positiona l changes w ere  d e tec ted  n e a r  th e  ends o f th e  w ire s . F or th o se  
w ire s  w hich had  been e tch ed  using  CH^/H^,  sm all f e a tu re s  w hich a re  m ost
p robab ly  a t t r ib u ta b le  to  d is lo ca tio n  loops w e re  p re s e n t in  th e  fin ish ed  w ire .
Eqn. 7 .6  show s th a t  in te n s ity  v a r ia tio n s  in (002) d a rk  fie ld  im ages can 
r e s u l t  fro m  v a r ia tio n s  in any o r a ll o f p , p , S , o r S . C om positionalJ M  2 V III
changes aw ay fro m  s to ich io m e try  would r e s u l t  in  b r ig h te r  o r d a rk e r  reg io n s in 
th e  (002) im ages, w hile  d is lo ca tio n  loops (p i a n d /o r  p2 *  0) would a lso  
r e s u lt  in  b r ig h te r  o r  d a rk e r  reg ions. I t  should  be n o ted  th a t  th e  (002) 
im aging m ode is  very  u se f  ul f  o r  id e n tif  ying th o se  reg io n s o f th e  c ry s ta l
w hich a r e  dam aged, how ever v ario u s p a ra m e te rs  can  v a ry  and s t i l l  produce th e  
sam e e f fe c t ,  i.e . in te n s ity  changes in th e  f in a l  im age. In te rp re tin g  (002) 
d a rk  f ie ld  im ages should  th e re fo re  be done w ith  c a re  and a lso  in  con ju n ctio n  
w ith  d if f r a c t io n  s tu d ie s  w hich serv e  to  in d ica te  th e  d eg ree  o f c ry s ta ll in ity  
o f th e  specim en.
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CHAPTER 8
CONCLUSIONS AND FUTURE WORK
8.1 INTRODUCTION
The b asic  aim  of th is  p ro je c t  w as to  use th e  tech n iq u es  av a ilab le  in e lec tro n  
m icroscopy to  g a in  f u r th e r  in sig h t in to  th e  p ro p e r t ie s  o f s t ru c tu re s  w hose 
shapes could be p re c ise ly  defined  and w hich have dim ensions in th e  
(su b )-m icro n  ran g e . The p ro je c t  w as in itia lly  tw o  p ronged , viz. exam ining  
th e  m agnetic  p ro p e r t ie s  o f sm all m agnetic  p a r tic le s  and secondly th e  
m ic ro s tru c tu ra l  p ro p e r t ie s  o f GaAs quantum  w ire s . D uring th e  co u rse  o f th e  
p ro je c t, a s  a d ire c t  r e s u l t  o f th e  v a s t am ount o f d a ta  produced  by th e  
in -s i tu  m ag n e tis in g  ex p e rim en ts  desc rib ed  in c h a p te rs  4 to  6, th e  bulk o f th e  
ex p e rim en ta l w ork  w as d ire c te d  to w a rd s  an a ly sin g  th e  m agnetic  p ro p e rtie s  o f 
th e  sm all m ag n e tic  p a r tic le s .  C hap ter 3 of th is  th e s is  d e ta iled  th e  specim en 
p re p a ra tio n  p ro c e ss  w hich  played  an  in te g ra l ro le  in d e fin in g  th e  fo rm  of th e  
s t ru c tu re s  to  be in v es tig a ted . Possib ly  th e  m ost im p o rta n t a t t r ib u te  o f th e  
e lec tro n  beam  lith o g rap h y  is th e  high s p a tia l  re so lu tio n  ava ilab le , as  th is  
re su lte d  in s t ru c tu re s ,  m agnetic  o r sem iconducto r, w hose shape is p rec ise ly  
co n tro lled  w ith  a  s p a tia l  re so lu tio n  of «10nm. The conclusions d raw n  fro m  
th e  m ag n etis in g  ex p e rim en ts  on th e  re g u la r ly  shaped  p a r tic le s  a re  d esc ribed  
in sec tio n  8 .2 . The re s u lts  ob ta ined  fro m  th e  an a ly sis  of th e  
m ic ro s tru c tu ra l  p ro p e r tie s  o f Si doped GaAs quan tum  w ire s  a re  d iscussed  in 
sec tio n  8 .3 . F ina lly  som e su ggestions fo r  th e  p o ssib le  co n tin u a tio n  o f th e  
w ork a re  given in sec tio n  8.4.
8 .2  CONCLUSIONS (MAGNETIC PARTICLES)
The dom ain s t ru c tu r e s  and m agnetic  behav iour o f v a rio u s p a r tic le s  w ere  
ex ten siv e ly  d e sc rib ed  in  c h a p te rs  4 to  6. In g e n e ra l i t  w as found th a t  th e
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as-g ro w n  dom ain s t r u c tu r e s  of th e  p a r tic le s  w e re  very  rep ro d u cib le . The
p re c ise  co n tro l over th e  shape and size  o f th e  p a r tic le s  en su red  th a t  th e  
dom ain s t r u c tu r e s  and  m agnetic  behav iour w as, in g en e ra l, in fluenced
p rim arily  by th e  shape o f th e  p a r tic le . I t w as n o ted  th a t  fo r  bo th  th e
Ni Fe and co b a lt p a r tic le s , some of th e  p a r tic le s  had solenoidal
o2<b 1 7»5
a s -g ro w n  dom ain  s t r u c tu r e s  w hile o th e rs  had  no n -so len o id a l a s -g ro w n
s tru c tu re s .  The value o f R a t  which th is  t ra n s i t io n  o ccu rs  ta k e s  p lace  a t  a
d if fe re n t  value  f o r  each  th ick n ess  and com position  o f th e  p a r tic le s . The
conclusions d raw n  fro m  th e  ex p e rim en ts  conducted  on Ni Fe and co b a lt
^  8 2 .5  17.5
p a r tic le s  a re  given s e p a ra te ly  in sec tio n s  8.2.1 and  8 .2 .2  re sp ec tiv e ly .
8.2.1 Ni Fe PARTICLES
82 .5  17.5
The a s -g ro w n  dom ain s t ru c tu re s  and dynam ic behav iou r o f a ll o f th e  
Ni F e , .  p a r tic le s  w as found  to  be very  rep ro d u c ib le . This re f le c ts  th e82.5 17.5
f a c t  th a t  a t  such sm all dim ensions th e  shape o f th e  p a r tic le  e x e r ts  a  
dom inant in flu en ce  over th e  fo rm  of th e  dom ain s t ru c tu re .
In c h a p te r  4, r e s u lts  o b ta in ed  using  th e  in - s i tu  m ag n etis in g  s ta g e  w ere
p re sen ted  in w hich th e  im ages w ere  reco rd ed  using  th e  F resn e l mode o f L o ren tz  
e lec tro n  m icroscopy. A lthough th is  im aging mode does have se rio u s 
lim ita tio n s , i t  is q u ite  w ell su ited  to  th e  an a ly s is  o f p a r tic le s  w hose 
sm a lle r in -p lan e  dim ension is in excess o f ap p ro x im a te ly  0.5pm . In 
p a r tic u la r ,  va lu ab le  in fo rm a tio n  reg a rd in g  th e  dynam ic behav iour o f p a r tic le s
w ith  R<4 w as ob ta ined . A m ost in te re s tin g  f e a tu re  w hich becam e a p p a ren t in 
th e  an a ly s is  o f th e se  p a r tic le s  is th e  ro le  of th e  edge c lu s te r  in a f fe c tin g  
th e  ty p e  o f dom ain s t ru c tu re s  w hich a  p a r tic le  w ill adop t in th e  p resence  of 
an  app lied  fie ld . Edge c lu s te rs  a re  f r e e  to  move along th e  edge o f a  
p a r tic le , and  th ey  move in such  a  w ay as  to  help  to  p re se rv e  th e  con tinu ity  
re la tio n sh ip s  w hich m ust be s a t is f ie d  a c ro ss  each  dom ain w all. The m ovement 
of th e  edge c lu s te r s  avoids th e  in tro d u c tio n  o f len g th s  o f curved (o r
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charged ) dom ain w a lls , such  a s  w as observed  in p a r tic le s  w ith  only co rn e r and 
f r e e  c lu s te rs . A lthough m ost o f th e  p a r tic le s  had  w ell defined  shapes, i t  
w as no ted  th a t  one o f th e  m ore common fe a tu re s  o f "badly" defined  p a r tic le s  
w as th a t  th e  c o rn e rs  o f  th e  p a r tic le s  would be rounded . In - s itu  m agnetising  
ex p e rim en ts  w e re  a lso  conducted  on th is  ty p e  o f p a r tic le ,  and aga in  i t  w as 
found th a t  a lth o u g h  th e i r  rem an en t dom ain s t ru c tu re s  w e re  s lig h tly  d if fe re n t  
fro m  th a t  o f a  w ell d efin ed  p a r tic le , th e  in fluence o f th e  p a r tic le  shape w as 
s t i l l  s u f f ic ie n t th a t  th e  dynam ic behaviour w as very  rep ro d u cib le . The 
F resn e l im aging mode, a lth o u g h  p e rm ittin g  an a ly s is  o f th e  la rg e r  p a r tic le s  
w as no t su ita b le  f o r  th e  s tu d y  o f th o se  p a r tic le s  w hose sm a lle r in -p lan e  
dim ension w as less th a n  ap p ro x im a te ly  0.5pm . T his w as p a r tic u la r ly  
u n fo r tu n a te  a s  i t  w as th e  sm a lle r  and m ore a c ic u la r  p a r t ic le s  w hich d isp layed  
n o n-so leno idal s t ru c tu re s .
The n o n -so len o id a l dom ain s t ru c tu re s  w ere , how ever, w ell su ited  fo r  an a ly sis  
using th e  F o u cau lt mode o f L o ren tz  m icroscopy. A f u r th e r  ad v an tag e  w ith  th is  
im aging m ode w as th a t  h y s te re s is  loops could be c o n s tru c te d  f  rom  each  
iso la ted  p a r tic le .  By p e rfo rm in g  a  se r ie s  o f in - s i tu  ex p e rim en ts  on th e  m ore
a c ic u la r  p a r tic le s  d esc rib ed  in c h a p te r  5, a  s e r ie s  o f h y s te re s is  loops w ere
c o n s tru c te d  fo r  a  ra n g e  o f d if fe re n t  p a r tic le s . T h ree  d if fe re n t  shapes o f 
h y s te re s is  loop w ere  found. These d if fe re n t  fo rm s o f h y s te re s is  loop served  
to  i l lu s t r a te  how th e  s ta b i l ity  o f so lenoidal o r  no n -so len o id a l types o f 
dom ain s t r u c tu r e s  v a ried  acco rd ing  to  th e  size , th ick n ess  and a sp e c t ra tio  o f 
th e  p a r tic le . As d esc rib ed  in c h a p te r 5, th e  ra n g e  o f f ie ld s  over w hich
solenoidal and no n -so len o id a l dom ain s t ru c tu re s  a re  s ta b le  f o r  each  p a r tic le  
could be q u a lita tiv e ly  exp lained  by exam ining th e  re la tiv e  co n trib u tio n s  to  
th e  to ta l  f r e e  energy  o f each  p a r tic le . A cquiring h y s te re s is  loops fro m
vario u s d i f f e re n t  p a r t ic le s  m ade i t  possib le  to  ex p la in  why c e r ta in  p a r tic le s  
w ere  found to  e x is t  in v ario u s  d if fe re n t  so lenoidal, a n d /o r  non-so leno idal 
ty p es  o f dom ain s t ru c tu re s .  Once again  i t  w as found  th a t  th e  p rec ise ly  
defined  sh ap es  o f th e  p a r tic le s  ensu red  th a t  th e  dynam ic behaviour o f a
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p a r tic u la r  s iz e  o f Ni Fe p a r tic le  could be q u ite  con fiden tly
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p red ic ted .
D uring th e  an a ly s is  o f th e  n o n -so leno ida l dom ain s t ru c tu re s ,  com plex end 
c lo su re  s t r u c tu r e s  w e re  observed  in a ll th ick n esses  o f p a r tic le s . Using th e  
tech n iq u es av a ila b le  in th e  e le c tro n  m icroscope, a  q u a n tita tiv e  an a ly s is  o f 
th e  d is tr ib u tio n  o f th e  m ag n e tisa tio n  in th e  v ic in ity  o f th e  c lo su re  
s t ru c tu re  is n o t a  sim ple ta s k  due to  th e  f a c t  th a t  th e  e le c tro n s  in te ra c t  
w ith  induction  r a th e r  th a n  th e  m ag n e tisa tio n . F o r th is  re aso n , th e  reg io n s 
around  th e  end c lo su re  sec tio n s  w ere  exam ined using  K e rr M -0 techn iques a t  
th e  U n iv ersity  o f E rlan g en  in G erm any. The m ag n e tisa tio n  v ec to r m aps fro m  
th is  reg io n  w e re  g iven in c h a p te r  5 and proved m ost in f o rm ative . The 
d is tr ib u tio n  o f th e  m ag n e tisa tio n  v ec to r around  th e  c lo su re  s t ru c tu re  re s u lts  
in an  a r e a  in w hich volum e ch a rg e  is d is tr ib u te d  m ain ly  in th e  dom ain w ith  
th e  curved  w a lls . F rom  th e  m ag n e tisa tio n  m aps p re se n te d  in  c h a p te r  5, i t  w as 
a lso  observed  th a t  th e  p o s itio n s  o f th e  dom ain w a lls  in  th e  end c lo su re  
s t ru c tu re s  en su red  th a t  l i t t l e  o r  no s u r f  ace ch a rg e  is  p re s e n t a t  th e  ends o f 
th e  p a r tic le .
8 .2 .2  COBALT PARTICLES
All o f th e  r e s u l ts  p re se n te d  in c h a p te rs  4 and 5 w e re  o b ta in ed  fro m  p a r tic le s  
w hich had  been f a b r ic a te d  using  th e rm a lly  ev a p o ra ted  Ni Fe . Due to
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th e  com position  o f th is  alloy, th e  m a g n e to s tr ic tio n  and m ag n e to c ry s ta llin e  
an iso tro p y  have neg lig ib ly  sm all values, and a s  such  th e  re s u lta n t  dom ain
s tru c tu re s  a re  d e te rm in ed  p rim a rily  fro m  a  m in im isa tio n  o f th e  sum  of th e
m ag n e to s ta tic  and dom ain w all en erg ies . In o rd e r  to  in v es tig a te  th e  e f fe c t  o f 
a  d if fe re n t  m a te r ia l  on th e  r e s u lta n t  dom ain s t r u c tu r e  and m agnetic  
behaviour, p a r t ic le s  w ith  th e  sam e ran g e  o f d im ensions w e re  fa b r ic a te d  fro m
coba lt. The th e rm a lly  ev ap o ra ted  co b a lt p a r tic le s ,  a s  th e  d if f ra c tio n
s tu d ie s  o f c h a p te r  3 d em o n s tra te d , co n sisted  o f p o ly c ry s ta llin e  g ra in s  o f
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h .c .p . co b a lt in w hich th e re  w as no s ig n if ic a n t te x tu r in g  and  th e  c -a x is
an iso tro p y  w as random ly  o rien ted . The e f f e c t  o f random ly  o rien ted  
m ag n e to c ry s ta llin e  an iso tro p y  ax es  on th e  dom ain s t r u c tu r e s  and m agnetic 
behaviour o f th e  p a r tic le s  is ex ten siv e ly  d esc rib ed  in c h a p te r  6. In m ost
cases , a lth o u g h  th e re  w e re  s lig h t d iffe re n c e s  b e tw een  "norm al" co b a lt and 
Ni Fe p a r tic le s ,  b o th  ty p es  of p a r tic le s  d isp layed  th e  sam e types of
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so lenoidal and  n o n -so len o id a l dom ain s tru c tu re s .  Also th ey  ex h ib ited  th e  
sam e fo rm s  o f h y s te re s is  loops. It w as no ted  th a t  th e  local an iso tro p y  
w ith in  th e  g ra in s  com prising  th e  co b a lt p a r tic le s  p roduced  h y s te re s is  loops 
in w hich, d u rin g  th a t  p a r t  o f  th e  loop in w hich (d isp laced) so leno idal dom ain
s tru c tu re s  e x is t ,  th e  value o f (d(RM)/  ) w as less  th a n  th e  sam e th ick n ess  o f
dH-
Ni Fe p a r tic le .
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One m a jo r  f a c to r  w hich did em erge fro m  th e  s tu d ie s  on th e  co b a lt p a r tic le s  
w as th a t  th e  r a t e  o f ev a p o ra tio n  and vacuum  p re s su re  a re  c ru c ia lly  im p o rtan t 
p a ra m e te rs  in  d e te rm in in g  th e  m agnetic  p ro p e r tie s  o f th e  p a r tic le s . This is 
m ost p rob ab ly  due to  som e re s id u a l gas o r  w a te r  vapour in  th e  e v a p o ra to r 
w hich changes th e  chem ical com position  o f th e  p a r tic le s  and  hence a l te r s  th e  
coupling leng th , and  th u s  th e  m agnetic  p ro p e r tie s  o f th e  p a r tic le s . A lthough
a g re a t  d ea l o f c a re  w as ta k e n  to  en su re  th a t  th e  co n d itio n s  w e re  rep roduced
durin g  each  ev a p o ra tio n , i t  is possib le  th a t  th e  vacuum  p re ssu re
in ad v erten tly  in c reased . Chem ical ana lysis  o f th e  co b a lt p a r tic le s  would 
v e rify  o r  deny th is  h y po thesis , and a  m ethod w hich w ould enab le such a  study  
to  be u n d ertak en  is d esc rib ed  in sec tio n  8.4. A consequence o f th e  possib le  
change in coupling len g th  betw een  d if fe re n t  co b a lt sam ples is th a t  
exam ina tion  o f th e  v a r ia tio n  in th e  shape o f h y s te re s is  loop and values o f
sw itch ing  f ie ld s  a re  only co n s is te n t when com paring  p a r tic le s  fro m  th e  sam e 
sam ple. C om paring th e  values o f H , Hsz> and Hs fo r  a  p a r t ic u la r  s ize  o f 17 
and 95nm th ick  co b a lt p a r t ic le s ,  and subsequen tly  d raw in g  conclusions may be 
m islead ing  a s  th e  coupling len g th  in th e  tw o ca ses  could be d if fe re n t.
Although th is  e f f e c t  w as m ost obvious in th e  co b a lt p a r tic le s ,  th e  sam e would
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be likely to  o ccu r in  Ni Fe had th e  r a t io  o f re s id u a l g as  a tom s to
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ev ap o ra ted  m e ta l a to m s in c re a sed  to  a  value w hich w ould  a f f e c t  th e  coupling 
betw een  th e  Ni Fe c ry s ta ll i te s .  I t w ould a p p e a r  th a t  a t  th e  r a te s  o f
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ev ap o ra tio n  chosen  d u rin g  th is  p ro je c t ,  co b a lt is  m ore  su scep tib le  to  th is  
ty p e  o f behav iour.
8 .2 .3  SUMMARY
The re s u lts  p re se n te d  in  c h a p te rs  4 to  6 have show n th e  d ire c t  in fluence o f 
th e  v ario u s  en e rg y  te rm s  on th e  dom ain s t ru c tu re  and  m ag n e tic  behav iour o f 
p rec ise ly  d efin ed  re g u la r ly  shaped  p a r tic le s . At th is  p o in t, a  b r ie f  
com parison  b e tw een  th e  ex p e rim en ta l re s u lts  p re se n te d  in th is  th e s is  and th e  
th e o re tic a l  p re d ic tio n s  o f Van den Berg (1984) should  be m ade. In his 
t r e a t is e ,  (as  s ta te d  in  c h a p te r  1), i t  is proved th a t  th e  exchange energy  is  
o f second o rd e r  im p o rtan ce  and can  th e re fo re  be neg lec ted . A fte r  neg lec ting  
th is  energy  te rm , and assum ing  no an iso tro p y , an  a lg o rith m  w as derived  w hich 
could p re d ic t  th e  p o ssib le  (solenoidal) dom ain s t r u c tu r e s  o f a  tw o 
dim ensional body. A lthough th e  a lg o rith m  does p roduce good ag reem en t w ith  
som e of th e  ex p e rim en ta l r e s u l ts  p re sen ted  in th is  th e s is , th e re  a re  some 
d isc rep an c ies , and in p a r t ic u la r  i t  can  in no w ay acco u n t f o r  any o f th e  
n o n-so leno idal dom ain s t r u c tu r e s  found in th e  p a r tic le s .
As th e  ca lc u la tio n s  o f K itte l (1946) and Neel (1947) d em o n stra ted , so lenoidal 
dom ain s t r u c tu r e s  becom e e n e rg e tic a lly  u n favourab ly  w hen th e  dim ensions o f 
th e  p a r tic le  becom e su ff ic ie n tly  sm all. In th e  ra n g e  o f dim ensions o f 
p a r tic le s  used in th is  study , i t  w as d em o n stra ted  th a t  th is  e f fe c t  would 
ap p e a r to  occu r a t  a  value o f R, (=R*), sp ec ific  to  th e  s ize , th ick n ess  and 
com position  o f th e  p a r tic le . At values o f R in ex cess  o f R*, th e  p a r tic le s  
w ill adop t n o n -so len o id a l s t ru c tu re s .  The p re c ise  value o f R* a t  w hich th is  
tr a n s i t io n  o ccu rs  is a  com plex problem  re la tin g  th e  m a g n e to s ta tic  and  dom ain 
w all energy  te rm s . Both o f th e se  q u a n titie s  v ary  w ith  s ize , th ick n ess  and
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com position  o f th e  p a r tic le .
It w as d em o n s tra te d  in c h a p te r  5 th a t  p a r tic le s  w hich can su p p o rt 
n o n-so leno idal dom ain s t r u c tu r e s  have only (tw o s e ts  o f) fo u r  d if fe re n t  
n o n-so leno idal s t ru c tu re s .  When th is  f a c t  is co n sid ered  in co n ju n ctio n  w ith  
th e  ex p e rim en ta l evidence, w hich would su g g est th a t  th e  to ta l  dom ain w all 
energy  w ith in  a  so leno idal dom ain s t ru c tu re  is m inim ised, i t  becom es ap p a ren t 
th a t  th e re  a r e  only a  f in i te  num ber of so lenoidal s t r u c tu r e s  w hich can  be 
adop ted  by th e  p a r tic le .  A sim ple exam ple is show n in fig . 8.1, in w hich a 
p a r tic le  w ith  R=2 h as tw o  d if fe re n t  so lenoidal s t ru c tu re s .  These tw o 
d if fe re n t  s t r u c tu r e s  a r e  th e  only d is tr ib u tio n s  found  in th is  type  o f 
p a r tic le  a f t e r  an  a .c . d em ag n e tisa tio n . As th e  Van den B erg a lg o rith m  does 
no t consider th e  dom ain w a ll energy , no p red ic tio n s  a re  o f fe re d  as  to  why th e  
s t ru c tu re s  o f f ig . 8.1 w ould be p re se n t r a th e r  th a n  som e o th e r. Obviously, 
how ever, a s  an  in f in ite  num ber o f s t ru c tu re s  can  be p re d ic te d  by th e  
a lg o rith m , th e  tw o  s t r u c tu r e s  show n in fig . 8.1 could be p re d ic ted .
D eta iled  th e o re t ic a l  m icro m ag n e tic  ca lcu la tio n s  have very  re c e n tly  been 
p e rfo rm ed  by F red k in  and  K oehler (1990) on p a r tic le s  o f s izes  com parab le  to  
th o se  s tu d ied  in th is  th e s is . The d e ta ils  o f th e  ca lcu la tio n , w hich involves 
d is c re tis a tio n  o f th e  p a r tic le  in to  sm all e lem en ts a re  g iven e lsew here ,
(F redkin  and K oehler (1990)). The f in a l r e s u l ts  a r e  how ever m ost 
in te re s tin g . The m icro m ag n e tic  m odels of F redk in  and K oehler a re  ab le  to  
p re d ic t th e  tw o  d if f e re n t  dom ain s tru c tu re s  o f f ig . 8.1. They do n o t fin d  
any o f th e  o th e r  p o ssib le  s t ru c tu re s  w hich can be p re d ic te d  by th e  Van den 
B erg a lg o rith m .
T hroughout th is  th e s is  i t  has been assum ed th a t  th e re  is  no an iso tro p y
p re se n t in th e  p a r tic le s .  A lthough th e  use o f Ni Fe en su res  th a t  th e
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m ag n e to c ry s ta llin e  an iso tro p y  and  m ag n e to s tr ic tio n  te rm s  a r e  very  low, one of 
th e  m ore in te re s tin g  p o in ts  ra is e d  by th e  ex p e rim en ta l r e s u lts  p e r ta in s  to  
th e  d if fe re n c e s  in th e  rem an en t dom ain s t ru c tu re s  w hich a re  p re se n t in  th e  
p a r tic le s  fo llow ing  an  a .c . dem ag n e tisa tio n  along  th e  h a rd  and easy
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F ig .  8 .1  Two p o s i b l e  dom ain  s t r u c t u r e s  fro m  a  p a r t i c l e  w i th  R=2.
F ig  8 .2  The r e l a t i v e  o r i e n t a t i o n  o f  f o u r  r e c t a n g l e s  
com posing  a  p a r t i c l e  su c h  t h a t  th e y  r e s u l t  i n  a  v o id  
i n  th e  c e n t r e .
d irec tio n s . In g e n e ra l i t  w as found  th a t  c a re fu l a lig n m en t o f  th e  h a rd  ax is  
fie ld  re s u lte d  in  so leno idal re m a n en t dom ain s t ru c tu re s  w hich  co n s is t o f long 
len g th s  o f 180° w alls . I t  is a lso  observed th a t  a f t e r  a  h a rd  ax is  a .c . 
d em ag n e tisa tio n , so leno idal re m a n en t dom ain s t r u c tu r e s  occu r in  p a r tic le s  
w hich do n o t ex h ib it such  s t r u c tu r e s  when th e  f ie ld  is d ire c te d  along th e  
easy  ax is . As s ta te d  above i t  is assum ed th s t  no an iso tro p y  is p re sen t, 
how ever i f  th is  e f f e c t  is cau sed  by some local induced an iso tro p y , th e  sou rce  
o f th e  an iso tro p y , if  i t  even e x is ts ,  is very u n c lea r. In p a r tic u la r ,  as  th e
a s -g ro w n  dom ain s t ru c tu r e s  and  dynam ic behav iour o f p a r t ic le s  deposited  
o rth o g o n ally  w ith  re s p e c t  to  each  o th e r is very  s im ila r , i t  would seem
unlikely  th a t  th e  re s id u a l la b o ra to ry  f ie ld  is resp o n sib le .
A m ost in te re s tin g  o b se rv a tio n  w hich is ev iden t fro m  th e  an a ly s is  o f th e  
p a r tic le s  is th e  f a c t  th a t  th e  len g th  of 180° w all p re s e n t in  th e  a s -g ro w n  
dom ain s t ru c tu re s  is f re q u e n tly  th e  minimum po ssib le  f o r  each  value o f R.
T his w ould im ply th a t  th e  d ire c tio n s  o f th e  m ag n e tisa tio n  in th e  end dom ains 
a re  p red e te rm in ed  in o rd e r  th a t  th e ir  re la tiv e  o r ie n ta tio n s  w ill m inim ise th e
to ta l  dom ain w all energy  o f th e  a s -g ro w n  so lenoidal s t ru c tu re .
8 .3  CONCLUSIONS FROM ANALYSIS OF GaAs QUANTUM WIRES
The re s u lts  d esc rib ed  in c h a p te r  7 show ed th a t  th e  specim en p re p a ra tio n
tech n iq u es av a ilab le  using  e le c tro n  lithog raphy  a re  n o t only confined  to  th e  
m an u fa c tu re  o f sm all re g u la r ly  shaped  p a r tic le s , b u t can  a lso  be ad ap ted  fo r  
v ario u s  o th e r  uses. The quan tum  w ires  ana lysed  in c h a p te r  7 aga in  
d em o n stra ted  th e  a b ility  o f e le c tro n  beam  lith o g rap h y  to  f a b r ic a te  devices 
w ith  p rec ise ly  defined  sh ap es w ith  s p a tia l  re so lu tio n s  o f th e  o rd e r  o f lOnm.
As d e ta iled  in c h a p te r  7 th e  s t r u c tu r e  f a c to r  c o n tra s t  im aging m ode in GaAs 
can  id en tify  th e  reg io n s  o f th e  w ire  w hich have been dam aged du rin g  th e
re a c tiv e  ion e tch in g  p ro cess . The (002) d ark  f ie ld  im ages allow  th e  n a tu re
and fo rm  o f th e  dam aged reg io n s  w ith in  each o f th e  w ire s  to  be c h a ra c te r is e d
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m ore com pletely  th a n  w as p rev io u sly  possib le  u sing  o th e r  in d ire c t  techn iques.
The im ages rev ea led  th e  f a c t  th a t  th e  dam age w ith in  th e  SiCl^ e tch ed  w ire s
co n sis ted  o f com positiona l v a r ia tio n s  n e a r  th e  end o f th e  w ire . T his ty p e  o f
dam age w as s ig n if ic a n tly  d i f f e re n t  fro m  th e  dam age caused  by th e  CU^/H^
etch ing , in w hich f e a tu re s  re sem b lin g  th e  d is lo ca tio n  loops observed  by
F re is e r  (1983) w ere  d e tec ted . In both  cases th e  dam aged reg io n s w ere
accom panied by no a p p a re n t lo ss o f th e  c ry s ta l  s t ru c tu re ,  and  in th e  case  o f
th e  CH /H  e tch ed  w ire , no d if fe re n c e s  w ere  observed  in  th e  fo rm  o f th e  w ire  
4 2
e i th e r  b e fo re  o r a f te r  annealing .
Although th e  d a rk  f ie ld  im aging  an a ly s is  o f th e  quan tum  w ire s  provided 
valuab le in fo rm a tio n  on th e  fo rm  o f th e  dam age, m uch w ork  is n ec e ssa ry  b e fo re  
a  m ore com plete  p ic tu re  is  fo rm ed . P o te n tia l so lu tio n s  to  overcom e th e  
p roblem s in h e re n t to  th e  (002) d a rk  fie ld  im aging m ode a r e  d esc rib ed  in 
sec tio n  8.4.
8 .4  FUTURE WORK
The ex p e rim en ts  c a r r ie d  ou t on th e  sm all re g u la r ly  shaped  p a r tic le s  allow ed 
m any of th e  q u estio n s re g a rd in g  th e ir  dom ain s t ru c tu re  and  m ag n etic  behaviour 
to  be answ ered . A lthough th e  re s u lts  fro m  th e  Ni Fe p a r tic le s  w ere
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very  rep ro d u c ib le , th is  w as n o t alw ays th e  case  fo r  th e  co b a lt p a r tic le s . 
From  th e  r e s u lts  on th e  c o b a lt p a r tic le s  i t  would a p p e a r th a t  th e  r a t io  o f 
re s id u a l g as  atom s to  ev a p o ra ted  m eta l a tom s is a  very  im p o rta n t p a ra m e te r . 
The coupling leng th  w ith in  each  o f th e  p a r tic le s  would a p p e a r to  depend on 
th is  p a ra m e te r  and a lso  on th e  m eta l i ts e lf . I t w as no ted  th a t  th e  m agnetic  
p ro p e rtie s  o f co b a lt w e re  m uch m ore su scep tib le  to  th e  changes in vacuum  
p re s su re  o r  ev ap o ra tio n  r a t e  th a n  th o se  o f Ni Fe . The changes in th e
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coupling leng th  would be likely  to  occur in Ni Fe if  th e  r a t io  of
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re s id u a l g as  a tom s to  ev a p o ra ted  m eta l a tom s in c reased  su ff ic ie n tly . In 
o rd e r  to  c la r ify  th is  m a t te r  m ore fu lly , re c e n t ex p e rim en ts  have been
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conducted  by H. Wong a t  th e  U n iversity  o f G lasgow . In th is  s e t  o f
ex p e rim en ts  th e  vacuum  p re s su re  w as held  c o n s ta n t w hile th e  r a te  of 
ev ap o ra tio n  w as v a ried  in a  sy s te m a tic  m anner. From  th is  s e t  o f ex p e rim en ts  
i t  w ould ap p e a r th a t  a s  th e  r a te  o f ev ap o ra tio n  d ec rea ses , fro m  5A /sec  to
0 .2 A /sec , th e  a s -g ro w n  dom ain s t ru c tu re s  and th e  m agnetic  behav iou r o f th e
p a r tic le s  begin to  re sem b le  th o se  c la ss if ie d  in c h a p te r 6 a s  "abnorm al".
In o rd e r  to  v e r ify  th e  chem ical com position  of th e  co b a lt sam ples, th ey  could 
a lso  be exam ined  by e .g . energy  d isp ers iv e  x - r a y  an a ly s is  (Bullock (1986)) in 
o rd e r  to  d e te rm in e  chem ical com position  o f each sam ple. With a  high s p a tia l  
re so lu tio n  tech n iq u e  such  a s  EDX, i t  would be po ssib le  to  exam ine th e
p ossib le  ex is ten c e  o f e .g . an  oxide lay e r on th e  s u r fa c e  o f som e of th e
c ry s ta ll i te s .  I t  should be n o ted  th a t  th e  im p u ritie s  w hich m ay be p re se n t 
m ay m ade an a ly s is  of th is  kind q u ite  d iff ic u lt.
T h e re fo re , a lth o u g h  th e  sam ples gave reaso n ab ly  co n s is te n t re s u lts ,  th e re  is 
s t i l l  m uch w ork  to  be done b e fo re  th e  m agnetic  behav iour o f th e se  p a r tic le s  
can  be fu lly  u n derstood .
A nother p o in t w hich re q u ire s  r e s ta t in g  is th a t  th e  shape o f th e  p a r tic le s
g re a tly  in fluenced  th e  re s u lt in g  dom ain s t ru c tu re  and  m ag n etic  behaviour. 
T his is p r im a rily  due to  th e  f  a c t  th a t  th e  p a r tic le s  have very  l i t t le  
an iso tro p y  o th e r  th a n  th a t  due to  th e  shape o f th e  p a r tic le .  The lack  o f 
an iso tro p y , w hile being re sp o n sib le  fo r  th e  ex trem ely  re g u la r  dom ain 
s t ru c tu re s  p re se n t in th e  p a r tic le s  w as a lso  re sp o n sib le  f o r  th e  com plex end 
c lo su re  s t ru c tu re s  p re se n t in each  o f th e  n o n-so leno idal s t ru c tu re s .  If  some 
an iso tro p y  could be in tro d u ced  along  th e  leng th  o f th e  p a r tic le ,  i t  m ay th en
be possib le  to  e ra d ic a te  th is  end s tru c tu re , so leav ing  a  s ing le  dom ain
p a r tic le . If such  p a r tic le s  could be p re p a re d  i t  would th en  allow  th e
in te re s tin g  p ro p o sitio n  o f com paring  th e  ex p e rim en ta l behav iou r of sing le 
dom ain p a r tic le s  w ith  th e  m any th e o re tic a l  p re d ic tio n s  w hich  have been 
fo rm u la te d  re g a rd in g  th e ir  m ag n etic  behaviour. In p a r t ic u la r  th e  v a r ia tio n  
o f sw itch in g  fie ld  w ith  p a r tic le  s ize  could easily  be exam ined  using  th e
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m ag n etis in g  s tag e . F u r th e r ,  o b ta in in g  D.P.C. im ages fro m  such  p a r tic le s  
w ould allow  com parison  o f " rea l"  im ages w ith  th e  th e o re tic a l  im ages given in 
c h a p te r  2.
In o rd e r  to  in tro d u ce  som e an iso tro p y  in to  th e  p a r tic le s ,  v a rio u s  m ethods 
could be a ttem p ted , viz. d ep o sitin g  th e  m eta l in th e  p re sen ce  o f a  m agnetic
fie ld , in c reas in g  th e  te m p e ra tu re  o f th e  s u b s tra te  d u rin g  deposition , o r
d ep o sitio n  o f th e  m eta l a t  n o n -n o rm al incidence. This la s t  m ethod  may have 
com plications d u rin g  th e  l i f t - o f f  s ta g e  which may lim it i t s  success.
All o f th e  re s u lts  d esc rib ed  th ro u g h o u t th is  th e s is  r e la te  to  n o n -in te ra c tin g  
p a r tic le s .  Due to  th e  ea se  w ith  w hich th e  p a t te rn s  can  be scanned  in th e  
P h ilip s PSEM, th e  a rra n g e m e n t o f th e  p a r tic le s  could ea s ily  be changed to
include in te ra c tin g  p a r tic le s .
In it ia t in g  a  stu d y  in to  in te ra c tio n s  betw een  p a r tic le s  o f th is  ty p e  is a  m ost 
com plex problem  in w hich a  v a s t  num ber o f ex p e rim en ta l p a ra m e te rs  can  be 
changed, e.g . th e  p a r tic le s  could be a rra n g e d  "head to  ta il"  o r  alongside
each  o th e r  a s  w ell as  being  g rouped  in tw os, th re e s , e tc ..
A f u r th e r  p o ss ib ility  w hich could be exp lo red  is th e  in tro d u c tio n  o f d e fe c ts  
in to  som e of th e  p a r tic le s . T his can easily  be ach ieved  by d efin in g  each
re c ta n g u la r  p a r tic le  as  being com posed o f 4 re c ta n g le s  a r ra n g e d  in such  a  w ay 
th a t  th ey  do n o t m ade up th e  e n tire  la rg e  re c ta n g le , b u t leave a  void, o r  
d e fe c t, a s  show n in fig . 8 .2 . The e f fe c t  o f th e  d e fe c t on th e  dom ain 
s t r u c tu r e  and re su lt in g  dynam ic behav iour can then  be in v estig a ted .
A nalysis o f th e  ty p es o f dom ain w a lls  p re sen t in sm all p a r tic le s  o f s im ila r  
d im ensions w as p e rfo rm ed  by McVitie (1988) on 20 and 60nm  th ick  p a r tic le s . 
As th e  th ick n esses  o f p a r t ic le s  used in th is  study  a re  a lm o st id en tica l to  
th o se  o f McVitie, i t  w ould be s a fe  to  assum e th a t  th e  sam e ty p es  o f w a lls  
e x is t  in th e  p a r tic le s  used  in th is  study. However, th e  ty p es  o f dom ain 
w a lls  p re se n t in 95nm th ick  p a r tic le s  have no t been exam ined. From  th e  types 
o f dom ain s t ru c tu re s  found  in th e  95nm sam ple, i t  w ould ap p e a r th a t  th e  w alls  
a r e  in some ca ses  v o rte x  type. A nalysis using  e.g . D.P.C. w ould allow  th e
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w all s t ru c tu re  to  be exam ined  m ore com pletely .
In c h a p te r  7 th e  in v es tig a tio n  o f dam aged reg io n s in quan tum  w ire s  proved 
re la tiv e ly  su ccessfu l a s  a  f i r s t  s te p  to w a rd s  a m ore com plete  an a ly s is  o f th e  
dam age induced du rin g  re a c tiv e  ion e tch ing . U n fo rtu n a te ly  th e  im aging mode 
used  did have i ts  sh o rtco m in g s. One o f th e  m a jo r p rob lem s w ith  th is  mode w as 
th e  in ab ility  o f th e  (002) im ages to  id en tify  w hich o f Ga o r As w as d e fic ien t 
in th e  SiCl^ e tched  w ire s . The s t ru c tu r e  f a c to r  im aging m ode can  only d e te c t 
changes to  th e  value o f th e  s t r u c tu r e  fa c to r ,  a lthough  th e  u n derly ing  re a so n s  
fo r  th is  change rem a in s a  m y ste ry . A nalysis of th e  quan tum  w ire  sam ples using  
(002) d a rk  fie ld  im aging in co n ju n c tio n  w ith  high s p a tia l  re so lu tio n  EDX
an a ly s is  would allow  f i r s t ly  th e  dam aged reg io n s to  be id e n tif ie d  in th e  
n o rm al fa sh io n , a f te r  w hich, using  EDX, a  m ore com plete h igh  sp a tia l  
re so lu tio n  com positional an a ly s is  could th en  tak e  place.
F u r th e r  in v es tig a tio n  o f w h a t w ould ap p e a r to  be d is lo ca tio n  loops in  th e  
CH^/H2 e tch ed  w ire s  is a  m uch m ore com plex problem . The (002) and  (000)
im ages re co rd e d  in th e  JEOL 1200EX do not conclusively  p rove th a t  th e
fe a tu re s  te n ta tiv e ly  id e n tif ie d  a s  d is lo ca tio n  loops a re  in f a c t  th is  a t  a ll. 
L a tt ic e  im aging using  e .g . h igh re so lu tio n  e lec tro n  m icroscopy (HREM) m ay be 
ab le  to  p rovide m ore conclusive evidence, how ever in o rd e r  to  fo rm  la t t ic e  
im ages th e  specim en re q u ire s  to  be very  th in  (<10nm). T his could be achieved 
by over e tch in g  th e  specim en d u rin g  th e  w et e tch in g  p ro cess . A lthough th is  
would provide th in  a re a s  su ita b le  fo r  ana lysis  by HREM, th e  p re sen ce  of 
d is lo ca tio n  loops could a f f e c t  th e  w et e tch ing  p ro cess , o r, w orse , th e
e tch in g  p ro cess  i ts e l f  m ay in tro d u ce  d is lo ca tio n  loops a s  i t  th in s  th e  
specim en. T h e re fo re  a lth o u g h  th e se  d is lo ca tio n  loops could be d e te c te d  using  
HREM, th e i r  o rig in  may rem a in  u n c lea r.
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APPENDIX 1
CALCULATION OF THE TIME CONSTANT OF THE COILS IN THE MAGNETISING 
STAGE.
The m ag n etis in g  s ta g e  d e sc rib ed  in c h a p te r  2, w as in itia lly  c o n s tru c te d  w ith  
a i r  co ils. M easuring th e  f ie ld  fro m  th is  s e t  o f co ils i t  w as found  th a t  f o r  
a  c u r re n t  o f 2A, th e  f ie ld  a t  th e  specim en w as 4kA.m \  C om paring th is  value 
w ith  th a t  fro m  th e  co ils w ith  th e  s o f t  iron  core  th u s  allow s th e  value  o f th e  
re la t iv e  p e rm eab ility  o f s o f t  iro n  to  be d eterm ined . I t  w as fo u n d  th a t  th e  
value o f n  w as 4 .3 .
r
The tim e  co n s tan t, x, o f th e  co ils  is  given by;
w h e re  L is  th e  in d u ctan ce  o f th e  co ils  and R is th e  re s is ta n c e  o f  th e  co ils. 
The re s is ta n c e  w as m easu red  to  be 0.65Q. The in d u ctan ce  o f  th e  co ils  is  
given by;
w h e re  N is th e  to ta l  num ber o f  tu rn s  in th e  co ils, $ is th e  to ta l  f lu x  and  I 
is th e  c u r re n t.
The m agnetic  f ie ld  (H), and  f lu x  d en sity  (B) a t  th e  c e n tre  o f th e  co ils 
(assum ed to  be in f in tly  long a t  th is  po in t) is given by;
H = N’ I 
B = u  fi N’ I
o r
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w h ere  N* is  th e  num ber o f tu rn s  p e r  u n it length . Hence th e  f lu x  is  given by 
th e  a r e a  a t  th e  ends o f th e  co ils  (S), m u ltip lied  by th e  f lu x  d en sity  (B). 
T h e re fo re , th e  inductance  L is given by
p  p  N2 S
L = - ^ ----------
1
The in d u ctan ce  L m ust now be m od ified  due to  th e  f a c t  th a t  th ey  a r e  n o t 
in f in ite ly  long. The value o f th e  ra d iu s  o f th e  co ils divided by th e  leng th  
is  ap p ro x im a te ly  2, and hence th e  value o f L m ust be d ec rea sed  by a  f a c to r  o f 
K=0.7, (L o rra in  and  C orrson  (1970)).
p  p  N2 S
L = - ^ ----------  x K
1
F rom  th e  above eqn. f o r  L, th e  in d u ctan ce  o f th e  co ils w as found  to  be 2 .8  x
-5  -510 H enrys. Hence th e  tim e  c o n s ta n t o f  th e  co ils w as found  to  be 4 x 10 s.
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APPENDIX 2
FORMULAE FOR THE MAGNETIC FIELD H FROM A UNIFORMLY MAGNETISED 
BLOCK.
The fu ll  fo rm u lae  fo r  th e  com ponents o f th e  m agnetic  f ie ld  (H) fro m  a  block 
o f (x ,y ,z ) dim ensions 2Li by 2L2 by 2L3 a re  given below . The block is
c e n tre d  a t  th e  o rig in , and  is u n ifo rm ly  m agnetised  along th e  y d irec tio n . 
The th re e  com ponents o f H a re  d eno ted  by H , H , and H and  th e  fo llow ing
x y z
n o ta tio n  is used  fo r  c la r ity ;
x - x ’ = a  z - z ’ = y
x -L  = a  y -L  = b z -L  = c
1 -  J 2 3 -
x+L = a  y+L = b z+L = c
1 + J  2 + 3 +
The x  com ponent o f H is  g iven by th e  ex p ression ;
M V l /
H = — — { ln(c + [a2 + b2 + c2] 2 - ln (c  + [a2 + b + c ] )
4 ti “ - + + " +
v
-  ln(c + [a2 + b 2 + c2] 2 - ln(c + [a2 + b2 + c2] 2)
V V
-  ln(c + [a2 + b 2 + c2] 2 - ln(c + [a2 + b2 + c2] 2)
+ - + + + +  + +
V V
+ ln(c + [a2 + b 2 + c2] 2 - ln(c + [a2 + b2 + c2] 2)
The y com ponent o f H is  given by th e  ex p ression ;
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M a
H = — — { ta n  ( — - s in  ( ta n  A I --------- ------------ I ))
y  4 -n   ^_ l  2 z
(a 2 + b 2)
-  ta n (----- s in ( ta n  1 ^ j  )) -  tan ( —  s in (tan  11 --------- 1 | ))
( a2 + b 2)
+ ta n (  —  s in (ta n  1 --------------------- )) -  ta n (  —- s in ( ta n  11 --------- 1 | ))
L f 2 , , 2 ,  ' J( a + b )





+ b _ )
c +
0 . 5





( a 2 + b 2 )+
-  ta n (  —  s in ( ta n  11"-------------------- 1))}b I 0.5 I
L f 2 . 2 .  -»(a  + b )
The z  com ponent o f H is given by th e  ex p ressio n ;
M V  V
H = — — { ln (a  + [a2 + b2 + c2] 2 - ln (a  + [a2 + b2 + c2] 2)
z  + + - -  + + -  +
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V
-  ln (a  + [a2 + b 2 + c2] 2 - ln (a  + [a2 + b 2 + c2] 2)
V
-  ln (a  + [a2 + b2 + c2] 2 - ln (a  + [a2 + b2 + c2] 2)
+ + + - + +  + +
v v
+ ln (a  + [a2 + b 2 + c2] 2 - ln (a  + [a2 + b2 + c2] 2)
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